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IAbstract
The implementation of energy storage systems in the current electrical grid will
increase the grid's reliability and eﬃciency. Room temperature sodium batteries
are seen as potential technology, especially to assist renewable energy generation
sources.
Currently, suggested negative electrode materials, however, are still not satisfac-
tory for practical use in terms of fabrication costs, gravimetric / volumetric energy
densities, cyclability, and irreversible capacity losses occur at the ﬁrst cycle.
The literature describes various strategies that enhance the speciﬁc capacity
and/or the cyclability of negative electrode materials but all involve increasing the
fabrication costs due to the chosen synthesis or the complexity of the electrode's
design. Furthermore, strategies, that reduce the irreversible capacity loss at ﬁrst
cycle, are not discussed.
In this present experimental research work, presodiating bulk metallic negative
electrode materials prior to cycling, prepared via a simple, cheap and easy-to-scale-
up synthesis route, is introduced as a new strategy to improve the cyclability and
to eﬀectively reduce the ﬁrst cycle irreversible capacity loss.
Electrochemical and structural experiments were carried out to investigate sodium-
tin-antimony powders. Presodiating mechanically bulk Sn-Sb negative electrode ma-
terials eﬀectively reduces the irreversible capacity loss at ﬁrst cycle and enhances the
speciﬁc capacity when compared to the non-presodiated powder, while the proper
choice of electrode composite and electrolyte formulation improves the cycle life of
the electrodes. The enhancement of the electrochemical properties of the presodiated
NaSnSb powder, composed of the ternary phase Na5Sb3Sn and an unknown ternary
phase crystallising in a hexagonal setting P6, is associated with the stabilisation of
the SnSb as desodiation product.
Presodiating bulk SnSb negative electrode material is a viable strategy to reduce
the ﬁrst cycle irreversible capacity loss, alleviating the volume changes. With an
optimised system, this approach may be extended to other negative electrode mate-
rials, reducing the fabrication costs of high capacity negative electrode materials for
room temperature sodium batteries. Presodiated NaSnSb negative electrode mate-
rial may be combined with non-sodiated positive electrode material, such as sulphur
to develop competitive room temperature sodium-sulphur batteries.
II
Zusammenfassung
Die Implementierung von Energiespeichersystemen im bereits bestehenden Strom-
netz ist eine der Lösungen, um die Zuverlässigkeit und die Eﬃzienz des Netzes zu
nutzen. Raumtemperatur Natrium-Batterien gelten als erfolgsversprechende Tech-
nologie insbesondere zur Unterstützung erneuerbarer Energieerzeugungsquellen.
Jedoch sind die naheliegenden negativen Elektrodenmaterialien für eine praktis-
che Anwendung hinsichtlich Herstellungskosten, gravimetrischer oder volumetrischer
Energiedichte, Zyklenfestigkeit und irreversiblen Kapazitätsverlusten im ersten Zyk-
lus noch nicht zufriedenstellend.
Die Literatur beschreibt verschiedene Strategien, die die speziﬁsche Kapazität
und / oder die Zyklenfestigkeit von negativen Elektrodenmaterialien verbessern.
Diese führen jedoch alle zu einer Erhöhung der Herstellungskosten aufgrund der
gewählten Synthese oder des Designs der komplexierten Elektrode. Darüber hinaus
werden Strategien zur Reduzierung des irreversiblen Kapazitätsverlusts im ersten
Zyklus nicht erörtert.
Diese experimentelle Forschungsarbeit präsentiert mit Natrium angereicherte
metallische negative Elektrodenmaterialien vor der Wechselbeanspruchung/dem pe-
riodischen Durchlaufen, die durch einen schlichten, billigen und einfach zu skalieren-
den Syntheseweg hergestellt wurden, als eine neue Strategie zur Verbesserung der
Zyklenfestigkeit und zur wirksamen Verringerung des irreversiblen Kapazitätsver-
lusts im ersten Zyklus.
Elektrochemische und strukturelle Experimente wurden durchgeführt, um mit
Natrium angereichertes Zinn-Antimon-Pulver zu untersuchen. Die mechanischen
mit Natrium angereichertes Sn-Sb-negativen Elektrodenmaterialien verringert ef-
fektiv den irreversiblen Kapazitätsverlust im ersten Zyklus und erhöht die speziﬁs-
che Kapazität im Vergleich zu dem ohne Natrium angereicherte Pulver, während
die richtige Wahl der Elektrodenzusammensetzung und der Elektrolytformulierung
die Lebenszyklus der Elektroden verbessert. Die Verbesserung der elektrochemis-
chen Eigenschaften des mit Natrium angereicherten NaSnSb-Pulvers, bestehend aus
der ternären Phase Na5Sb3Sn und einer unbekannten ternären Phase, die in einer
hexagonalen Aufbau P6 kristallisiert, ist mit der Stabilisierung des Enddesodiation-
sproduktes beim periodischen Zyklus verbunden, wobei das intermetallische SnSb
nach Rekristallisation vorliegt.
Mit Natrium angereicherte SnSb negativen Elektrodenmaterialien sind eine trag-
fähige Strategie zur Verringerung des irreversiblen Kapazitätsverlustes im ersten
Zyklus, die Volumenänderungen abschwächen.
III
Mit einem optimierten System kann dieser Ansatz auf andere negative Elek-
trodenmaterialien erweitert werden um die Herstellungskosten von negativen Elek-
trodenmaterialien mit hoher Kapazität für Raumtemperatur-Natrium-Batterien zu
verringern. Mit Natrium angereichertes NaSnSb-negatives Elektrodenmaterial kann
mit nicht mit Natrium versetztem positivem Elektrodenmaterial wie Schwefel kom-
biniert werden, um realisierbare Raumtemperatur Natrium-Schwefel-Batterien zu
entwickeln.
IV
Signiﬁcant Findings from this Work
For a high loading electrode suitable for full cell applications (> 3.5 mg/cm2 of
active material):● Presodiating mechanically bulk SnSb prior to electrochemical testing, enhances
the speciﬁc capacity and drastically reduces the ﬁrst cycle irreversible capacity loss,
compared to bulk SnSb and hard carbon.● As for SnSb powder, the reaction potentials of the NaxSnSb powders are located
below 0.5 V vs. Na+/Na, making these metallic electrode materials attractive as
negative electrode materials.● The ﬁrst cycle irreversible capacity loss of the NaxSnSb powders reduces when
x increases.● NaxSnSb powders undergo profound structural changes at the ﬁrst sodiation.● The (de)sodiation reaction sequences evolve with the NaxSnSb compositions
with a clear dividing line: powders with x < 2 (de)sodiate via the simultaneous
formation of several Na-Sb and Na-Sn amorphous phase intermediates (similarly to
SnSb electrode material), whose composition and phases' proportion may vary with
the Na initially present in the presodiated powders.● Na8SnSb desodiates via the superposition of the separate desodiation mecha-
nisms of Na15Sn4 and Na3Sb.● Identical to literature results, the sodiation product of SnSb and NaSnSb ball-
milled powders corresponds to an amorphous Na3Sb phase, while no evidence of the
formation of NaxSn species is observed.● On the contrary to literature results, the electrode materials do not remain
amorphous in the desodiated states. Instead, the crystallisation of the SnSb inter-
metallic is observed, according to ex situ and in situ structural experiments.● At desodiated state, the crystallisation of the SnSb phase degrades upon cycling
for SnSb electrode material while is reversibly observed for NaSnSb electrode mate-
rial. The reversible formation of SnSb upon cycling is responsible for the enhanced
electrochemical properties of NaSnSb.● Cyclability and reversible capacity increase with the crystallinity of the preso-
diated NaSnSb powders. Yet, the ball-milled NaSnSb powders have a ﬁrst sodiation
capacity closer to the theoretical capacity.● Ball-milled NaSnSb powder demonstrates poor electronic conductivity. The
selection of the conductive additive, functional binder and the electrolyte's compo-
sition is essential to achieve long cycling performances. The best electrochemical
results in terms of cyclability and speciﬁc capacity were obtained for the electrodes
Vcomposed of ball-milled presodiated powder NaSnSb active material and carbon
nanotubes as conductive additive cycled in an electrolyte containing ﬂuoroethylene
carbonate as additive. The electrodes demonstrate a reversible speciﬁc capacity of
340 mAh/g, with a capacity loss of 5 % after 30 cycles.● Upon cycling, the sodiation products of NaSnSb electrode material degrade
when the electrodes are cycled in a FEC-additive-free electrolyte, because the elec-
trolyte and polymeric binder gradually decompose. Consequently, the Na+ ion trans-
fer is hampered and the integrity of the electrode not maintained.● A ﬁrst assessment of the Na-Sb-Sn ternary phase diagram at room temperature
is proposed.● The existence of previously not reported Na-Sn-Sb ternary phases is evinced
throughout structural analyses.● Three distinct new ternary phases were found to form: the UNknown Phase 1
(UNP1) crystallises in the powders Na20Sb30Sn50 at%, NaSbSn, Na20Sb50Sn30 at%
and Na40Sb30Sn30 at% ; UNP2 in Na40Sb30Sn30 at% ; and UNP3 in Na30Sb60Sn10
at%, Na10Sb80Sn10 at% and Na10Sb45Sn45 at%.● UNP1 may consist of a layered structure, according to SEM observations.● UNP1 may crystallise in the hexagonal crystal system with cell parameters
a = b = 11.26 A˚ and c = 15.66 A˚, according to the LeBail ﬁt.● UNP1 is likely a derived chemical model of NaSb2Sn3 with P 6¯m2 as possible
highest symmetry space group.● The ternary phases Na3Sb3Sn, NaSbSn, NaSb2Sn3 and Na6Sb4Sn43 may form
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In the last couple of years, energy sustainability became an international central
question. The recent COP22 meeting set new international environmental lines to
eﬀectively ﬁght against global warming. Directives in terms of energy move towards
the sustainability of the energy for the planet, while reducing the emissions respon-
sible for the increase of temperature. One of the key points of the restructuring is
the upgrade of the existing electrical grid to balance the environmental, social and
economic impacts of the electricity production and consumption. On the one hand,
it will reduce the consumption of fossil fuels to produce electricity by the integration
of technologies less greedy in fossil fuels (advanced gas/coal generation, renewables
such as solar and wind). On the other hand, it will implement more energy storage
systems all along the grid to better manage the energy produced and consumed.
In Chapter 2 of this manuscript, a description of the traditional power grid is
given. Several current issues are highlighted. A high penetration of energy stor-
age systems will alleviate a number of these ﬂuctuations. In parallel, integrating
more energy storage systems in on-grid and oﬀ-grid applications will expand the
penetration of renewable energy sources by reinforcing their reliability. A review
on already mature and commercialised energy storage technologies is presented, in-
cluding pumped hydroelectricity storage, compressed air energy storage, ﬂywheel
energy storage, supercapacitors, superconducting magnetic energy storage, molten
salt energy storage, hydrogen storage, synthetic natural gas storage, ﬂow batteries
and secondary batteries. The current battery technologies available for the electri-
cal grid are discussed in greater detail: high temperature sodium-sulphur battery,
lithium-ion batteries, lead-acid technology, and the recently commercialised aqueous
hybrid ion battery. In order to compare the performances of the diﬀerent batteries
implemented for stationary applications, deﬁnitions of important criteria are given.
The end of Chapter 2 depicts an overview of the trend in batteries' research for
1
2 CHAPTER 1. INTRODUCTION
stationary applications, highlighting the interest on sodium-based systems.
Chapter 3 focuses on room temperature sodium-ion battery (NiB) technology.
The general principle of a sodium-ion electrochemical cell is described. Two main
electrochemical techniques are presented: cyclic voltammetry and galvanostatic cy-
cling. These tests are carried out to follow the electrochemical reactions occurring
within the cell when subjected to charging and discharging. Performance crite-
ria, such as capacity and lifespan of the studied material, are acquired. Current
limitations to the commercialisation of NiBs are highlighted. The deployment of
commercial Na battery systems operating at room temperature is linked directly to
the development of suitable negative electrode materials. The state of the art of the
research on negative electrode materials for a room temperature NiB is presented.
Up to now, only low performance negative electrode materials, such as hard carbons,
have arisen. Because of this, room temperature NiBs are not competitive enough for
the current energy storage market. Performances have to be boosted and/or the price
of these devices must become competitive to conquer the stationary energy storage
market. A review on the current research on high capacity metal-based negative
electrode materials is also presented. A greater interest on tin- and antimony-based
alloys is highlighted. These materials show high potential and are seen as viable can-
didates by the research community. To enhance the electrochemical performances
of metallic negative electrode materials, such as lifespan, speciﬁc capacity, capac-
ity retention or rate capability, several combined strategies discussed in literature
are featured: 1) synthesis of nanosized objects and nanostructured materials like
nanoparticles, ﬁbres, ﬁlms; 2) electrode engineering with a proper choice of conduc-
tive additive, or/and polymeric binder; 3) fabrication of nanostructured electrodes
which creates eﬀective 3D electrodes; 4) carbon coating of the active material; 5)
alloying with other metallic elements; 6) association of the metallic element with a
non-metallic element; 7) modiﬁcation of the electrode/electrolyte interface, build-
ing a speciﬁc solid electrolyte interface layer. Finally, criteria for the selection of a
commercially viable negative electrode materials are given.
My research work falls within the framework, which is schematically represented
on Figure 1.1. The aim is to ﬁnd a long lifespan and high capacity negative electrode
material for room temperature sodium batteries. My experimental study focuses on
bulk sodium-, tin- and antimony-based alloys.
Presodiating bulk metallic negative electrode materials prior to electrochemical
testing is the novel strategy proposed in order to enhance the lifespan and to eﬀec-
tively reduce the ﬁrst cycle irreversible capacity loss. The main results are presented
in Chapter 4. Various Na-Sb-Sn compositions are synthesised by two simple and
3Figure 1.1: Thesis within broader context.
cheap synthesis routes: by fusion and by a mechanochemical synthesis using high
energy ball milling. These powders are investigated as negative electrode materials
in room temperature NiBs and results are discussed. Several additional strategies
described in literature are implemented to either increase the speciﬁc capacity or to
stabilise the cyclability of Na-Sn-Sb-based electrodes: particle size reduction, binder
and conductive additive selection, electrode/electrolyte interface modiﬁcation with
the addition of ﬂuoroethylene carbonate into the electrolyte. The diﬀerence be-
tween the (de)sodiation mechanisms of NaSnSb and non-presodiated SnSb powders
is discussed, based on ex situ XRD and preliminary in situ synchrotron experiments.
Finally, the last part of Chapter 4 is dedicated to solving the structure of the un-
known phase present in the NaSnSb powder. The existence of potential new ternary
phases in the Na-Sb-Sn ternary system is highlighted, leading to the ﬁrst assessment
of the Na-Sn-Sb ternary phase diagram at room temperature. Such a phase diagram
has never been studied in literature to my knowledge.
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Chapter 2
Towards a sustainable electricity
system
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The power grid is a complex machinery which has a crucial role in our life. We
are tightly enclosed to it and empowered by it. As the air is vital to human being,
electricity is essential to our electriﬁed world. We do not pay much attention to the
electrical grid. It is just here, somewhere, almost mystical...until we miss it! And
then, we realise that we are dependent on it. But what is it really? How does it
operate?
Let's go down into detail.
2.1 Current electrical grid and smart grid concept
The electrical grid is a highly interconnected network delivering the electricity from
where it is produced to where it is consumed. Generation, transmission, distribution
and load are the main components (Fig. 2.1).
Figure 2.1: The electrical grid (simpliﬁed): from generation to end-users.
Current electrical grid
Electricity is traditionally produced by coal, hydro, gas and nuclear power plants. In
the last decades, in pair with political directives, renewable energy sources, such as
biomass power plants, wind turbines' and solar panels' farms, have been integrated
into the electrical grid. To drive kW prices down in generation facilities, more
eﬃcient and bigger generators are built closer to the energy source used to produce
electricity. As a result, power plants are often located far from the places where
the energy is consumed. Transmission lines oﬀer the possibility to transport the
electricity over long distances while minimising the losses. Still about 10-15 % of
all primer energy produced is lost due to transmission. Transporting electricity over
long distances is possible by using alternative current and stepping the voltage up
to high voltage, above 100 kV. Transmission and distribution networks also allow to
deliver energy in remote areas and to deal with environmental factors.
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Electricity is subjected to the laws of physics and ﬂows following the path of least
resistance. Only little control on its ﬂow through the grid is possible. For a better re-
liability, the grid is highly interconnected. Another disadvantage of the electricity is
the challenge of storage. The electricity produced will be instantaneously consumed
kilometres away. Supply must, by consequence, match the demand at all time. The
electricity demand is subjected to ﬂuctuations, inﬂuencing the generation sources
to respond rapidly, by speeding up or slowing down their production of electricity.
Consequently, ﬂuctuations occur in the grid frequency, which has to be maintained
as stable as possible, close to the value of 50 Hz (60 Hz in the Americas and part of
Asia) by the utilities for the good functioning of the grid (Fig. 2.2).
Figure 2.2: Fluctuation of of the power grid's frequency over a period of time.1
During the day, the demand in energy drastically changes. For instance, an
electricity peak demand is generated at the end of the day when households require
electricity. Predictions have to be made by the utilities to plan the electricity genera-
tion, based on the history of electricity consumption on a seasonal (winter/summer),
weekly and daily basis, and other irregular features such as the weather, in order to
anticipate the future demand and assure the availability of electricity at any time.
The response of the utilities has to be fast, whatever comes in the real time. To illus-
trate this feature, an interesting phenomenon happens everyday in the UK, known
as the TV pick up phenomenon.2 Utility management have to face a surge of elec-
tricity consumption due to the large audience of some TV programs. As soon as the
commercials start, millions of kettles get switched on at the same time, generating
a huge peak demand: "It's Tea Time!". In the worst case scenario, blackouts hap-
pen, like it was the case on the 4th of November 2006. 15 million European citizens
were cut from electricity due to a misplanned electricity cut of a transmission line,
Conneforde-Diele 380 kV double line, to let pass the ship Norwegian Pearl, navigat-
ing from the Ems River to the North Sea. The utilities responded rapidly and less
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than 2h were needed to re-establish the normal functioning on the power grid.3
As the peak load is getting stronger, the number of power plants connected to
the grid has to be increased to meet the electricity demand. To rapidly respond
to the increase, some plants have to run continuously, so that the electricity is
immediately available. These power plants are called spinning reserves. Figure 2.3
gives an overview of the costs of commonly used generation sources. The capital
costs refer to the price to build the facilities. The ﬁxed operation and maintenance
costs stay the same, whatever quantity of electricity is generated. The variable costs
include the fuel needed to run the facilities and therefore increase with the amount
of electricity produced.
Figure 2.3: Capital and operation costs of generation sources. Numbers for the U.S.
market, based on the U.S. report from the Energy Information Administration.4
Expensive power plants, called non-spinning reserves, will be brought on-line as
last resort to reduce a jump in operating costs, which will have an impact on end-
users bills. As a result, electricity prices ﬂuctuate over time depending on diﬀerent
types of power plants used at a certain period of time to match the energy demand
(Fig. 2.4). The based load is mostly assured by hydro and nuclear power plants as
hydroelectricity beneﬁts of a very mature technology and nuclear power is, overall,
the less costly generation source of electricity, in terms of capital, ﬁxed and variable
costs (Fig. 2.3).
Solar and wind energy sources have no variable operating costs, as no fuel is
needed to run these generation sources impacting the electricity price. As reported
on Figure 2.4 (b), in the early morning of the 8th of November 2015, the prices
dropped thanks to the high proportion of electricity produced by wind turbines.
Even though, eﬀorts have been made to integrate some percent of solar and wind
energy sources into the grid, their number is still limited. These technologies suﬀer of
intermittency. Such production of electricity ﬂuctuates daily with the availability of
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Figure 2.4: Germany 2015, ﬂuctuations of (a) electricity generation sources supply,
and (b) prices.5
wind or sun. Figure 2.5 illustrates typical wind and sun ﬂuctuations. These sources
are characterised by a low reliability, which resembles a competitive disadvantage
compared to traditional energy sources such as nuclear and coal.
To meet the growing future electricity demand and reach worldwide energy sus-
tainability, the grid has to be upgraded, rethought and redesigned. These require-
ments fall into the concept of "Smart Grid".
Smart electrical grid
A strict deﬁnition of the Smart Grid (SG) is not universally accepted. However,
similar lines can be drawn among scientists, politicians, industrials and other ac-
tors, who play a role in the discussions. In few words, a SG is the current electric
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Figure 2.5: Wind and solar photovoltaic electricity production and electricity de-
mand in Germany. Data for the month of December 2012.1
grid combined with information technologies. It will address energy independence
and help to incorporate elevated share of renewables, which will hence contribute
to address global warming issues. Additionally, the SG will increase the reliability,
eﬃciency and ﬂexibility of the electrical grid. A schematic representation of the
evolution of the grid is drawn on Figure 2.6. The actual power grid is designed
with an unidirectional ﬂow of energy and of information from the centralised power
generation systems to the end-users. It is mostly an electromechanical system with
limited automation. The reaction to adapt to a new situation is quite slow as the
utilities have to collect and analyse all the important information before deciding
on actions. On the contrary, the SG is developed towards a 2-way digitalised com-
munication system. Diverse smart sensors and smart meters will be integrated into
the electricity network to collect more real-time data, about the health of the grid,
the amount and the price of energy consumed, the weather, etc. With these sensors
and computer-assisted regulation, the grid is more automated and more resilient to-
wards power disturbance. The risks of energy failure are therefore lowered. Another
feature of the SG is that the transparency on electricity consumption and prices
will increase with smart meters. The customers are actively engaged, having the
ability to manage and produce their own energy. They will decide when and how to
use/produce the electricity by obtaining feedbacks on the real-time prices and needs,
reducing the peak demand. The result of this demand management will overall save
energy.
Microgrids are another strength point of the SG concept. Traditionally, the gen-
eration sources are centralised. Microgrids would allow the production of electricity
at diverse points of the main grid. They will be connected to the main grid for
more energy reliability. Decentralising the energy generation allows also the uptake
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Figure 2.6: Schematic representations of (a) today's electrical grid, and (b) a smart
grid.
of multiple electricity generation sources. End-users can, for instance, become en-
ergy generators by producing electricity from solar panels on their roofs or storing
geothermal energy. The excess of electricity can be bought by the utilities, when
the electricity demand increases, in order to send it to the electrical network. This
would be cheaper and quicker on-line than connecting the traditional energy reserves
(spinning and non-spinning reserves) during peak energy demand.
Another feature of the smart grid is to build more cross border interconnections
with neighbouring countries to have a better worldwide sustainable energy network.
Some examples of such interconnections already exist in Europe.6
The implementation of energy storage systems is also stressed in the concept of
SG. Storing the energy in oﬀ-peak hours, for example at diﬀerent points of the grid,
will help to improve the energy management.
The complexity of the future grid is expected to increase as decentralised elec-
tricity generation sources and data collection will increase. All parts of the SG will
communicate with each other, resulting in a huge amount of data to analyse and
store for a better real-time electricity management.
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Overall, the grid of the future will better balance electricity supply and load,
will be more resilient and more reliable while being cost eﬀective and will be more
eﬃcient with a lower environmental impact.
2.2 Need for energy storage systems
Figure 2.7: Load proﬁles with and without the integration of energy storage systems
in the power grid.7
A certain number of issues related to the current electrical grid was highlighted
in the section 2.1. The demand in electricity ﬂuctuates overtime and is impossible to
predict with accuracy. A misbalance between supply and demand causes instabilities
and a loss of quality in voltage and frequency of the power supply. Peak loads and
power outages lead to an increase of electricity prices for the end-users as the utilities
have to bring on-line power plants with higher operation costs. To smooth out the
production of electricity and meet the demand at the right time, Energy Storage
Systems (ESS) can be integrated into the power grid. The energy produced, which
will not be instantaneously consumed, can be stored for future use. Figure 2.7
represents proﬁles of daily electricity generation with and without the integration
of energy storage systems. The peak demand is reduced with the use of electricity
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storage units. They give also more ﬂexibility to stabilise the frequency and the
voltage.
The penetration of renewable sources in the grid, such as wind or solar plants, is
limited, as their output varies and they are imperfectly predictable and controllable.
Coupling renewables with ESS gives an opportunity to smooth out the intermittency.
Valuable energy is stored when the wind blows or the sun shines. If the electricity
demand is low, the surplus of energy is used at a later time when necessary. This
idea is in line with the current policies willing to utilise less fossil fuel.
Figure 2.8: Functions and applications of energy storage systems. Inspired from
SBC Energy Institute FactBook.1
Overall, the energy is stored when the demand in electricity is low and is released
when peak demands rise. Two primary functions for ESS are underlined. Primo,
energy storage can be utilised for levelling the load over hours, weeks, months. This
advantage allows more ﬂexibility in the choice of power generation and gives the
priority to power plants with low operational costs, while reducing the necessity
to start expensive peaking generators, like non-spinning reserves. Customers and
utilities have also the possibility of price arbitrage by deciding to charge their storage
systems when the electricity price is low and discharge them when the price is high.
The choice for energy storage may avoid or postpone the constructions of new grid
infrastructures, which could lead to more congestion in the grid. The second purpose
is to use the storage systems for ancillary services. Their tasks are to ensure the
high quality of the power supply and to increase the reliability of the grid. Figure
2.8 summarises graphically the sectors where ESS can signiﬁcantly contribute to a
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better sustainability of the energy. Storage beneﬁts also to renewable power plants
and remote locations, that are not connected to the grid. The requirements for these
applications diﬀer in terms of discharge time and power ratings and are classiﬁed
into energy and power applications. The ﬁrst ones require a long discharging time,
i.e. the output power/electricity has to be delivered over a long period of time. For
the power applications, it is more critical to receive fast injections of high power.
Storing the electricity ﬁnds its use at all levels of the power grid from generation
to consumption, and in oﬀ-grid applications, isolated from the main grid. Moreover,
ESS are an essential component of the future SG.
2.3 Available technologies for stationary applications
Figure 2.9: Classiﬁcation of the available technologies for grid energy storage.
Adapted from ref [8].
Various technologies have been developed for decades to store the energy and
interesting ideas have been looked at for future new technologies. While these tech-
nologies rest on various concepts in the way they store the electricity, they share a
common point: all are electrical energy storage technologies. Their purpose is to
transform electric energy into another form of energy that is easier to store. This
energy is used at a later time when electricity is needed for a speciﬁc application.
ESS are classiﬁed according to the type of energy they store: mechanical, electrical,
thermal, chemical and electrochemical energy (Fig. 2.9).
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Figure 2.10: (a) Existing worldwide storage capacity, in GW (2012). (b) Share of
storage capacity by technology, in MW (2012). (c) Technology maturity.1
Figure 2.10 reports the share of storage capacity and the maturity of each tech-
nology. In 2012, the annual electricity capacity generation was around 5 000 GW
worldwide with only 2.2 % of energy stored. Up to now, mechanical energy stor-
age is the most prevalent method for grid energy storage, pumped hydroelectricity
(PHS) especially which shares around 120 GW capacity of storage worldwide. PHS
covers about 99 % of the total energy stored for the grid (Fig. 2.10 (b)). As the
oldest storage technology, it beneﬁts from well mature technology with predictable
operations and maintenance costs. In the last decade, emerging technologies like
rechargeable batteries slowly take part of the market due to their speciﬁc ﬂexibility.
They are easily tuned to match any application. Additionally, they have the advan-
tage of a high cycle eﬃciency. High temperature sodium-sulphur batteries (NaS) are
the predominant electrochemical ESS implemented today, mostly in Japan and the
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US, as large scale utility scale batteries. With around 440 MW of capacity installed
around the world, they cover more than half of the electrochemical storage market.
Their main disadvantage is their elevated cost.
Until now, non of the available technologies responds to all requirements. A
combination of storage systems is necessary in the grid and oﬀ-grid systems to
maintain the quality of the electricity and to respond to the needs. Figure 2.11
features the required discharging time and power rating of the various applications
of the grid that are compared to the available storage technology's characteristics. To
improve the power quality, for instance, a storage system will be chosen with a short
discharging time such as supercapacitors. The current technologies for stationary
applications, which are either mature or in deployment, and their characteristics are
summarised in Figure A.1 in appendix A.1. A number of good reviews and reports
on energy storage technologies exists in literature.1,7, 9, 10,11,12
Figure 2.11: Energy storage (a) applications, and (b) technologies.1
Predictions on ESS show, that the shares will evolve, especially due to the in-
crease of the integration of renewable sources into the grid. Because these energy
sources suﬀer of discontinuity, it is necessary to pair them with a ﬂexible ESS to-
wards a less "carbonised" source of electricity generation. If low costs (building,
operation, maintenance...) are achieved, the optimal technology, which will take
over the market of ESS, will have the following characteristics: high power density
with high energy eﬃciency, safe, high reliability, quick charging time, high number
of cycles, environmentally friendly with low carbon emission and low disposal issues.
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2.3.1 Mechanical ESS
Pumped hydroelectricity storage
Pumped Hydroelectricity Storage (PHS) is the most common energy storage tech-
nology for the grid. The energy is stored as gravitational energy using water as
medium. The technology is a mature, commercially available solution, widely de-
ployed worldwide. The utilities highly value this storage system as its costs for
construction, operations and maintenance are well known.
(a)
(b)
Figure 2.12: (a) Markersbach pumped storage power plant, Raschau, Germany, a
1050 MW facility, and (b) pumped hydroelectricity facility scheme.1
Two nearby basins are separated by a height diﬀerence. A reversible pump-
turbine/motor-generator converts the electricity to mechanical energy and vice versa.
During oﬀ-peak hours, when the electricity is the cheapest, the water of the lower
reservoir is pumped up to the upper basin. The energy is therefore stored as po-
tential energy. The system is ready to be used at a later time. When electricity is
needed, the water from the high reservoir cascades down to the lower basin through
the turbines in the power house. The turbines rotate and engage a generator pro-
ducing electricity, that is then sent to the power grid. A picture of the PHS facility
in Erzgebirge region in Germany and a simpliﬁed scheme are depicted on Figure
2.12.
The power density is low. A huge volume of water is necessary to be stored
coupled with a large variation of height between the two reservoirs. The amount
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of energy stored is, in fact, proportional to the volume of water available and to
the height diﬀerence between the two basins. This technology has a large capacity
in electricity while its operation and maintenance costs are quite low. It delivers
electricity over a long period of time (Fig. 2.11 (b)) and is highly reliable. The energy
is rapidly released to respond in few seconds to large electrical load changes or to
ﬂatten the power grid variation in voltage and frequency (Fig. 2.11 (a)). It serves as
emergency reserves beside its normal use. The round trip eﬃciency, corresponding
to the electricity generated divided by the electricity used to pump water up, is
high (> 80 %). The main losses occur during the pumping mode, through hydraulic
and electrical losses. On the other hand, building such facilities is extremely time-
consuming and expensive, taking years to recover the construction's costs. The
construction site is constrained by the localisation of two close-by massive reservoirs
having a signiﬁcant height diﬀerence. Water should also be easily available to ﬁll
the tanks. Negative environmental impacts are associated with the construction of
such facilities. A dam is often necessary to be built, ﬂooding large areas, which
impacts on the local wildlife. The aquatic ecosystem is disturbed with the blockage
of the natural water ﬂow, and with the quality and level of the water. Last but not
least, if failure of the dam occurs, releasing the whole water from the upper basin,
the resulting damage is enormous for all ecosystems and human beings, even if the
risk of failure of a dam is low. As a matter of fact, a failure of the upper reservoir
failure of Taum Sauk PHS station in the US happened in 2005.13
Building projects or upgrading of the existing PH facilities come up with new
designs associated with other technologies. Innovative technologies have emerged,
such as using the sea as lower reservoir like the Okinawa Yanbaru Seawater Pumped
Storage Power Station in Japan,14 or using gravel as medium instead of water. The
gravels are moved up hill when the electricity is cheap and released to produce
electricity when needed using the weight of the gravels.15
A recent detailled review was published by Rehman et al.16 on the current
existing PHS systems.
Compressed air energy storage
Compressed Air Energy Storage (CAES) is the second bulk energy storage in terms
of usage, spread worldwide. It is a relatively mature technology. The installation of
such facilities depends, like PHS, on available geological sites.
During oﬀ-peak electricity, the ambient air is compressed and stored under pres-
sure in a conﬁned space, like underground caverns or tanks. Once the electricity is
needed, the pressurised air is heated. The air expands and is sent through turbines.
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Figure 2.13: Compressed air energy storage technology: (a) sketch, and (b) aerial
photograph of Huntorf CAES facility, Germany.17
They spin up and thereby drive the motor to produce power, feeding the electricity
back into the grid. CAES oﬀers a continuous electricity delivery for several hours
(Fig. 2.11 (b)), which is function of the size of the natural or artiﬁcial cave. A sketch
and a picture of the facilities is reported in Figure 2.13. Natural gas is traditionally
used as fuel to heat the air during the expansion phase. However, during the steps
of air compression, the air heats up and needs to be cooled down. If this heat is, in
turn, stored, it can partially be used during the expansion phase of the air to obtain
electricity, leading to the enhancement of the round trip eﬃciency, around 70 % for
these adiabatic designs compared to around 50 % for conventional designs. In order
to respond to the needed energy demands, large volume of pressurised air has to
be stored to compensate the low energy density of CAES. For economical reasons,
the compressed air is mostly stored in natural underground caverns. These caverns
have to be inert towards the air, especially towards oxygen as it reacts with some
type of rocks, ecosystems, or residues. CAES has to be combined with a gas turbine
plant, render CAES less attractive for the actual directives of emission-free devices.
Innovative methods, such as isothermal CAES, have been presented to make CAES
a viable storage technology.18 A combination with renewable energy sources is also
discussed.
Case study: CAES facility in Huntorf, Germany Commissioned in 1978,
Huntorf CAES facility (Fig. 2.13 (b)) is the ﬁrst air-storage gas turbine power plant
in the world. The air is stored in two salt caverns and the facility provides power
for up to 4h, producing about 290 MW. The CAES facility is discharged at peak
demand daily, mainly midday and evening time.19,17
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Flywheel energy storage
The energy is stored as rotational energy in Flywheel Energy Storage (FES). Low
cost electricity is used to power a built-in motor, that spins up the ﬂywheel rotor.
The ﬂywheel accelerates up to a high rotation speed, typically 30 000-50 000 rota-
tions per minute. The energy is stored through the almost constant rotation speed,
which is maintained during the desired period of time with the help of a frictionless
container. Magnetic bearings are used to minimise the frictional losses. Figures 2.14
(a) and (b) represent schematically low speed and high speed ﬂywheels, respectively.
The amount of energy is function of the speed of the ﬂywheel and its moment of
inertia. The last component is proportional to the mass and the square of the radius
of the rotor. As a result, a big and heavy wheel spinning at a very high speed stores
more energy. To extract the energy, the ﬂywheel drives a generator and hence slows
down. The rotational energy is converted into electricity.
Figure 2.14: Schematic of: (a) a low-speed ﬂywheel, and (b) a high-speed ﬂywheel.20
(c) Flywheels' facility in Stephentown, New York, US.21
Flywheels are high power density devices (Fig. 2.11 (b)). They are capable of
releasing high bursts of energy, i.e. high power over a short period of time. Typical
commercial ﬂywheels release around 1 MW over 10-15 seconds. They have a low
energy density. However, they are adjustable systems in size, in power and in energy.
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Innovative, therefore more expensive, designs oﬀer the possibility of high energy
density ﬂywheels by spinning them up to much higher speed, typically 100 000 rpm,
than high power ﬂywheel devices. These devices discharge over hours (Fig. 2.11 (b)).
Another strength of these devices is the minimal maintenance requirement, while
achieving a very long lifespan, thousands of charge/discharge cycles. Additionally,
the low environmental impact makes them attractive. The main drawback is the
costs of such devices, strongly connected to the expensive price of the magnetic
bearings and their diﬃculty to be replaced.
Case study: Flywheels facility in Stephentown, NY, US In 2011, a 200
ﬂywheels facility is installed in Stephentown by Beacon Power to provide frequency's
regulation to the New York Independent System Operator, managing the electricity
ﬂow across the state of New York. The 20 MW plant stores about 5 MWh over a
period of 15 min. When power is needed to smooth out the frequency, the ﬂywheels
are discharged with a response time of about 4s. Figure 2.14 (c) shows an aerial
view of the facility.21
2.3.2 Electrical ESS
Supercapacitors
Known also as ultracapacitors or electric double layer capacitor, SuperCapacitors
(SC) are composed of two electrodes (typically porous carbon) separated by a ion-
permeable membrane soaked in an ionic-conductive electrolyte. The energy is stored
in the electric ﬁeld as electrostatic energy. When a voltage is applied, the electrolyte
polarises. The ions ﬂow towards the opposite charged electrodes to form a double
layer at their surface, by balancing the charges accumulated in the conductive plates.
Therefore, the electrical energy is stored physically as electrostatic charges at the
interface between the surface of the electrodes, where charges accumulate, and the
electrolyte in the double layer. This double layer, called Helmholtz double layer, is
composed of adsorbed and solvated ions. The diﬀerence of potential between the
electrodes is maintained when the generator is unplugged, ensuring the storage of
the energy. When a burst of energy is needed, the SC are connected to the power
grid to deliver very high power for a short time. They are then ready to be recharged.
In order to increase the amount of energy stored, the capacitance of the SC device
has to be maximised by increasing the surface area of the electrodes and reducing
the distance between them.
SC are principally used for high power applications as they deliver a high amount
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of energy rapidly (Fig. 2.11 (b)). This short-term energy storage device is imple-
mented into the power grid to stabilise, for instance, voltage and frequency (Fig.
2.11 (a)). SC sustain a very high number of charge/discharge cycles without failure
and are highly eﬃcient. They are easily scalable to match the needs. However, they
are low energy devices, the costs per Wh is still quite expensive and they need to be
combined with power electronics to stabilise the output due to their linear discharge
voltage.
Superconducting magnetic energy storage
The Superconducting Magnetic Energy Storage (SMES) devices store the electrical
energy as magnetic energy. A coil, made of superconducting material, is placed in
a cryogenic tube. It is maintained at low temperature, below the superconducting
critical temperature Tc of the material. Low cost electricity from the electrical
grid (alternating current) is transformed into a direct current via a inverter/rectiﬁer
conditioning system. By ﬂowing through the cooled coil, the generated direct current
induces a magnetic ﬁeld. At this low temperature, almost no resistance exists. This
fact means that, when the SMES device is charged, the current will not decay and
continues to loop around the coil, indeﬁnitely. The energy stored depends on the
amount of direct current allowed in the inductive coil and on the size and geometry
of the coil. To release the energy, the direct current passes through the inverter
mode of the conditioning system to be transformed into alternative current and sent
to the power grid. They have the highest round trip eﬃciency of all other energy
storage technologies (< 95 %) as the losses result only from the AC/DC converters.
A huge power output is delivered in one instant (Fig. 2.11 (b)), while achieving a
very high cycle life. Another advantage is the low maintenance cost. SMES devices
are still at an early stage of demonstration phase and are not popular to the utilities
or end-users due to the high costs of the superconductors, the complexity of the
system and the high energy requirement to keep the superconductor cooled down
at very low temperature. Concerns have risen on the potential negative impacts of
large magnetic ﬁelds on living beings.
2.3.3 Thermal ESS
In this case, the energy is stored as heat or cold during oﬀ-peak hours or during the
working time of intermittent renewable energy sources. The heat or cold is stored
in various media, which are kept at high/low temperatures in insulated containers.
When electricity peak demand arises, electrical energy is recovered by extracting
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the heat/cold via heat engine cycles. Thermal energy storage are divided into three
subcategories:22
1) sensible heat storage: a liquid or a solid storage medium, such as water, rocks,
sand, molten salts, is heated or cooled down to store the thermal energy,
2) latent heat storage: cheap electricity is used to induce a phase transition of
the storage medium, e.g. to cool down water to transform it into ice. Phase change
materials are used as storage media,
3) thermochemical storage: thermal energy is stored and released via chemical
reactions.
Only molten salt energy storage is described in the following as the technology
is already in deployment (Fig. 2.10 (c)) and is the most developed thermal storage
possibility for the grid.
Molten salt energy storage
Molten Salt Energy Storage (MSES) can be coupled to a concentrated solar power
plant. Several projects with various storage conﬁgurations have been built.23,24 In
the simplest design, electrical energy is stored as sensible heat storage. The salt
stays in its liquid state and transports heat to produce steam. Typically, a molten
salt, composed of 60 % sodium nitrate and 40 % potassium nitrate, serves as heat
transfer ﬂuid and as storage medium. This salt is neither toxic nor ﬂammable. It
is kept at just above its melting temperature in an insulated low temperature tank.
To charge the storage system, the "cold" molten salt ﬂows through pipes, where
solar panels concentrate the solar radiations on the pipes. The salt accumulates
heat and stores thermal energy. The "hot" molten salt is sent for storage in an
insulated hot salt storage tank. As energy is needed, the hot-tank feeds a steam
generator. The production of superheated steam drives conventional steam turbines
to generate electricity and the cooled molten salt is sent back to the low temperature
tank to start the whole process again. This technology provides baseload power for
the grid and for oﬀ-grid applications. The risks of freezing the molten salt at low
temperature (usually below 200°C) or of salt decomposition at high temperature
should be avoided to prevent equipment's damage. Due to its low costs, MSES
becomes a dominant technology.
2.3.4 Chemical ESS
Two chemical energy storage technologies are described in this section, hydrogen
storage and Synthetic Natural Gas storage (SNG). Both technologies are in the de-
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velopment phase (Fig. 2.10 (c)) and received much attention in the last years. They
are seen as promising candidates for large scale energy storage, once their round trip
eﬃciency will be improved. More detailed information about the available hydrogen
technologies is given in the Factbook "Hydrogen-based energy conversion"25 and
"Technology Roadmap Hydrogen and Fuel cells".26
Hydrogen and SNG storages are based on the electrolysis of water. Excess of
electricity is used to split water into its constituents H2 and O2.
Hydrogen storage
This chemical conversion allows electricity to be stored as H2. Four major techniques
can be chosen to store the hydrogen according to the application requirements, the
space constraints, the amount of energy to store and the costs requirement. The
hydrogen produced can be compressed and stored either in underground caverns
(very large storage over a long time frame) or in pressurised tanks (scalable to
energy content). It can also be liqueﬁed and stored in cryogenic tanks to reach high
energy densities. Finally, H2 can be absorbed in chemical compounds and stored,
for instance, in metal hydrides, which results in avoiding the energy losses from
liquefaction or compression. When electricity is needed, electrolysis is reversed. H2
and O2 are supplied to a fuel cell, are combined and produce electricity and water.
Another option to convert hydrogen into power is to pass H2 through heat engines
using gas turbines to produce electricity. The main concept of this subcategory is
similar to the traditional electricity generation via natural gas.
As hydrogen has the lowest atomic mass, hydrogen storage has the highest spe-
ciﬁc energy of all ESS. However, hydrogen storage suﬀers from low round trip eﬃ-
ciency from conversion and reconversion, inducing energy penalties. Building such
facilities requires a high initial investment and safety concerns are associated with
the storage of hydrogen. This drawback hampers the fast uptake of the hydrogen
storage technology in the stationary storage market. In 2013, the hydrogen energy
storage installed capacity was around 2 MW.1 The ﬁrst full scale demonstrated
storage was commissioned in Norway on Utsira Island in 2004 in a hydrogen plant
combined to a wind power plant.27
Synthetic natural gas storage
An alternative to hydrogen storage is to store a synthetic gas. After electrolysis
of water using oﬀ-peak electricity, the hydrogen produced is further combined with
carbon dioxide CO2 to synthesise methane gas CH4 through the Sabatier process.
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Methane is then stored as synthetic gas in gas tanks. The provision of methane
is used as fuel to produce electricity using the existing natural gas infrastructures,
when energy is required via gas turbines or transformation into heat. Valorisation
of CO2 is an advantage of this technology. It may be taken from the atmosphere
or from the emission of biomass power plants. The round trip eﬃciency is also low
with additional energy losses due to the intermediate step of methanation.
2.3.5 Electrochemical ESS
The last family of the energy storage technologies groups devices which store the
electrical energy received from the grid as electrochemical energy. Several recharge-
able devices have been developed and deployed throughout the electrical grid. They
are classiﬁed in two categories depending on if the energy is stored in the electrolytic
solutions (ﬂow battery) or at the electrode materials (secondary battery). The basic
principle of these devices is similar. The transfer of energy is managed through
oxidation/reduction reactions.
Flow batteries
The electrical energy is stored as electrochemical energy in the electrolytic solutions.
As for design, the electrolyte is not contained inside the electrolytic cell but rather
outside. Two diﬀerent ionic solutions, one positive and one negative, containing the
reactive species, are stored in their respective tanks. A pumping system is connected
to both tanks, which allows the solutions to ﬂow through the electrolytic cell, the
reactor, where redox reactions happen. To avoid the mixture of the two electrolytes,
the cell includes an ion exchange membrane. A cooling system is often needed to
release heat from the charging and discharging processes. To charge the ﬂow battery,
cheap electricity powers the device. The positive electrolyte, catholyte, encounters
an oxidation, that releases electrons to the current collector. These electrons then
reduce the species of the anolyte. The ﬂow battery is completely charged when
all the ions contained in the electrolytes have reacted. The stored electrochemical
energy is converted back to electricity by discharging the ﬂow battery, feeding the
grid when necessary. Reverse redox reactions occur at the electrodes of the ﬂow
battery, releasing electrons into the grid. Electricity is produced, while both species
of the electrolytes return to their equilibrium state. The system is then ready to be
recharged. Figure 2.15 sketches a typical ﬂow battery.
Diﬀerent redox couples are used deﬁning the name of the ﬂow batteries according
to the chemical compositions of the electrolytes. Vanadium redox (VBR) and Zinc-
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Figure 2.15: Schematic representation of a vanadium ﬂow battery.20
Bromine (Zn/Br) are the most common demonstrated ﬂow batteries integrated into
the grid.
The main advantage of this storage system is its long lifetime at deep discharge,
while being completely scalable due to the presence of external tanks (Fig. 2.11
(b)). The amount of energy available depends on the size of the reservoirs of the
electrolytes. As it is a more complexed design allowing the separation between power
(depending on the number of cells in the stack and the size of the electrodes) and
energy (function of the volume and concentration of the solutions), the costs are
still very high.
Secondary batteries
All electrochemical devices that store their energy at the electrode materials fall
into this category. The Oxford English Dictionary deﬁnes a battery as A container
consisting of one or more cells, in which chemical energy is converted into electricity
and used as a source of power.
A battery combines several interconnected electrochemical cells to match the
desired voltage or/and energy required for a speciﬁc application. Added in series, the
total terminal voltage of the battery is increased by the addition of each speciﬁc cell's
potential while keeping the energy equal to the weakest cell. Combined in parallel,
the voltage is, in this case, identical to the voltage of a single electrochemical cell.
However, the total energy of the device is increased by summing up the individual
energy values of a single unit. Building blocks of any electrochemical cells are the
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following. Two diﬀerent electrochemical active materials compose the positive and
negative electrodes. A liquid or solid electrolyte serves as ionic conductor medium in
which ions ﬂow from one electrode to the other within the cell. A separator provides
a physical barrier between the two active materials. It is a conductor to ions but
an insulator to electrons. When connecting any external electric circuits, it oﬀers
a path to electrons to transfer between the electrodes. The energy is stored in the
electrodes' structures. Oxidation-reduction reactions occur simultaneously at both
electrodes to store the electricity from the grid when needed by applying a potential
at the terminals. Once electricity must be delivered, reversed redox reactions occur,
releasing the chemical energy transformed into electrical energy.
The variety of design and the possible choice in active materials give rather high
ﬂexibility in terms of application areas (Fig. 2.11). The main disadvantage is, how-
ever, the relatively short lifespan compared to other technologies. Many diﬀerent
batteries are available on the market to cope with the various applications. Their
performances are tightly connected to the electrolyte's and electrodes' formulations
and are evaluated by several criteria. The relevant parameters vary with the speciﬁ-
cations of a particular application with respect to costs, space availability, political
directives, etc.
Applications for stationary storage market The diversity of chemistry of
rechargeable batteries is interesting as it responds to the diﬀerent needs of the grid
(Fig. 2.11). In 2012, the worldwide battery storage in stationary applications rep-
resents around 750 MW of storage capacity (Fig. 2.10). High temperature NaS are
the favourite candidate, mostly provided by the Japanese corporation NGK Insula-
tors.28,29,10
Figure 2.16: Estimated installed capacity in stationary applications - secondary
batteries.30
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In recent years, connected to the drop of the costs of Lithium-ion Battery (LiB)
technology, the battery storage landscape in the electricity sector has shifted away
from NaS technology, with a preference to LiB and advanced Lead-Acid (PbA) tech-
nologies for some applications with respect to energy and power densities compared
to calendar life and costs. The deployment of LiBs increases in stationary storage.
Batteries strongly support the integration of renewable sources into the electrical
grid, reducing the intermittency of the power output. Moreover, they are often
coupled with the installation of photovoltaic panels in households. They are also
used as peak shaving supports, load shift and other ancillary services (Fig. 2.11).
Finally, batteries play a key role into the smart grid concept (see section 2.1). Detail
on the current battery storage market for grid and oﬀ-grid applications is found in
the report of the International Renewable Energy Agency released in January 2015.30
To be implemented as viable technology for large scale energy storage, the chosen
batteries have to be cost-eﬀective, reliable in their performance and ﬂexible to adapt
to the diﬀerent needs. As this work focuses on batteries' development for stationary
applications, a short review on the chemistries commercially available for stationary
storage is presented.
2.4 In focus: Batteries deployed for the grid
2.4.1 High temperature sodium-sulphur battery
Thanks to the discovery of β-alumina ceramic through which Na+ ions have a high
mobility, interests and research on high temperature sodium sulphur batteries (NaS)
were renewed in the 1980's.31,32,33,28 NaS technology is a relative mature technology
(Fig. 2.10 (c)) and is commercialised by the Japanese companies, NGK Insulators
Ltd. and TEPCO, since 2002, pictured in Figures 2.17. Up to now, high temper-
ature NaS batteries share the biggest storage capacity for stationary storage of all
batteries' technologies, with more than 440 MW (Fig. 2.10 (b)) of installed capacity
worldwide over 190 locations implemented predominantly in Japan. High power
density and high energy density are possible with this technology. Nevertheless,
the main drawback is that these batteries are still expensive to purchase. The ba-
sic operating principe is described in section 2.3.5, and the speciﬁc one to NaS is
represented schematically on Figure 2.17 (c).
The unit NaS cell is composed of a molten sodium negative electrode and a
molten sulphur positive electrode, separated by a solid electrolyte, made of a sodium
β-alumina ceramic. The solid electrolyte has two major roles: as separator and as
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(a) (b) (c)
Figure 2.17: Commercial sodium-sulphur battery: (a) cell schematic, (b) ﬁnished
product, and (c) operating principle.29
sodium ions transport medium. NaS must be operated at high temperature (300 -
350°C) in order to reach suﬃcient ionic conductivity of the β-alumina electrolyte.
Upon discharging, Na+ ions ﬂow toward the sulphur electrode through the conductive
membrane, releasing electrons to the external circuit by reaction with the sulphur.
Polysulphides are the reaction products. The electrochemical reaction is reversible
and at charge, elemental sodium is regenerated by the reduction of the polysulphides.
The overall reaction is summarised by Equation 2.1:
2Na + 4S discharge⇌
charge
2Na2S4 (2.1)
Made of two inexpensive active materials, sodium and sulphur, NaS are still
expensive to produce. Challenges to decrease the production costs of NaS lie into
the costs' reduction of high quality β-alumina ceramic production and ﬁnding low
cost materials containers to hold the molten electrodes and the discharge products
(sodium polysulphide), which are highly corrosive species. Another critical point to
safety is the development of resistant seals towards corrosion and high temperature.
In 2011, at the Tsukuba plant in Japan, due to one single faulty NaS cell, an overheat
in a module (composed of 384 NaS cells) occurred and caught ﬁre, leading to large
damage.34
The energy stored in NaS are released over a relative long discharge time, at least
6h. They are therefore suitable for applications like load levelling, power quality,
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peak shaving, integration of renewable generation sources and time shift. They
provide a long cycle life and a high energy density while requiring low maintenance.
Additionally, NaS can provide pulses of power and the charge and discharge states
can be changed rapidly. However, a thermal management system is necessary to
maintain the cell at high temperature. The energy stored within the cell is partially
used as heat source reducing the cell's performances. Further reading on this topic
can be found in ref [31, 3538].
Case study: Rokkasho-Futumata wind farm, Japan The wind farm is sup-
ported by a 34 MW NaS system. These batteries stabilise the intermittency of the
power generated by the wind turbines and provide power emergency with a total
capacity of 238 MWh available.39
2.4.2 Lithium-ion battery
The Lithium-ion Battery (LiB) technology beneﬁts of more than 40 years of devel-
opment, focussing on increasing the cycle life, the energy density and power density
and recently on lowering the production costs. As a consequence, the technology
is versatile and ﬂexible in terms of design, size, energy and power densities. LiBs
have already heavily penetrated the portable electronics market and are getting in-
volved into hybrid and electric vehicles. In the recent years, LiB technology has been
implemented into the electrical grid as the manufacturing price takes advantage of
the economy of scale. Their deployment for stationary applications range from few
kWh for residential systems when combined to photovoltaic, to multi-MWh batteries
for grid ancillary services. Applications requiring high power and short discharging
time gain from LiBs' high power and energy densities. These batteries slowly replace
many traditional lead-acid applications, competing with the applications requiring
a short discharging time. With respect to other types of batteries, LiBs have high
energy density, high power density, high cell voltage, high charging eﬃciency, low
self-discharge and relative long cycle life. Various electrode materials are imple-
mented presenting various chemistries and redox couples. Figure 2.18 reproduced
a simpliﬁed scheme of a lithium-ion cell. The positive electrode, cathode, is tradi-
tionally a lithiated metal oxide or phosphate, (e.g. LiCoO2, LiMn2O4, LiFePO4).
Graphite is often the material of choice for the negative electrode material as it
shows a very high stability upon cycling. Positive and negative electrodes are sep-
arated by a separator impregnated with a liquid electrolyte composed of a lithium
salt dissolved in carbonated organic solvents.28,38,40,41 Upon charging, Li+ ions mi-
grate from the positive electrode to the graphite electrode and insert between the
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layers of the graphite sheets, storing the energy. Reversible reactions happen during
discharging and Li+ ions intercalate back into the positive host layered structure.
Figure 2.18: Operation principle of a lithium-ion electrochemical cell.20
Some concerns about the coming shortage of lithium reserves are speculative.
Even though, the recycling of lithium is possible, it is still more economic to extract
the mineral. Principal reserves are located in Chile, China and Argentina. The
principal drawbacks of LiB technology limiting its growth in stationary applications
is, ﬁrstly, the high cost driven by the production costs of the modules. Secondly, due
to serious safety issues, additional electronic systems are needed to lower the risks
of dendrites' growth at the electrode, which would initiate thermal runaway and
the module catching ﬁre. However, with the growing number of LiB implemented in
automotive applications, a second life as stationary storage systems of these batteries
would become an interesting opportunity. In fact, when the capacity of LiBs, serving
in automotive applications, falls below 70-80 %, they could be used as stationary
energy storage as the energy density is less important for this application, rending
LiB storage cheaper. As a proof of concept, a new power station has been built in
Hamburg consisting of used LiB from electric vehicles to stabilise the grid.42
Case study: LiB battery park, Schwerin, Germany Recently, Younicos in-
stalled a 5MW/5MWh battery power plant in Schwerin, Germany. The project has
been commissioned in September 2014. The battery park is composed of 25 600
lithium manganese oxide-based electrochemical cells (Samsung SDI) combined in 1
600 modules. It supports the intermittent renewable wind energy plants by levelling
the short-term ﬂuctuation of the energy's production and by stabilising the grid's
frequency. The energy is stored and released within milliseconds.43
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2.4.3 Lead acid battery
Lead-Acid battery (PbA) technology was invented in 1859 by Planté and is the ﬁrst
commercialised rechargeable battery. The technology is mature, still very popular
and widely spread with its biggest market being the car industry. PbA batteries
are robust and the cost per Wh is low with respect to other battery technologies,
making the lead technology competitive, even today, in stationary applications.
In the fully charged electrochemical cell of a traditional PbA battery, a metallic
lead negative electrode is separated from a lead oxide PbO2 positive electrode by a
separator soaked in a diluted sulphuric acid electrolyte H2SO4 (H+ and SO2−4 ions
present). When electricity is needed, electrons ﬂow from the Pb electrode in the
outer electrical circuit, and SO2−4 anions travel towards the Pb electrode and react
with the metal forming lead sulphate PbSO4. Simultaneously, reduction of PbO2
positive electrode occurs and PbSO4 is also produced at the positive terminal. The
concentration of sulphuric acid in the electrolyte decreases releasing water. Redox
reactions of a conventional PbA electrochemical cell are reported by Equations 2.2
and 2.3.
Half redox reactions occurring at the negative electrode upon cycling:
Pb + SO2−4 discharge⇌
charge
PbSO4 + 2e− (2.2)
Half redox reactions occurring at the positive electrode upon cycling:
PbO2 + SO2−4 + 2H+ + 2e− discharge⇌
charge
PbSO4 +H2O (2.3)
Two popular types of PbA battery are deployed: sealed valve-regulated lead
acid batteries, and ﬂooded lead-acid batteries, which are cheaper but need more
maintenance and produce ﬂammable gases. They are used in various applications
such as power back-up and as oﬀ-grid power systems. They are also associated
as support for electricity generation from renewable sources. Yet, PbA suﬀer from
a fast degradation of the electrodes when they are cycled to deep discharge, i.e.
when the cut-oﬀ voltage is low. Their use is limited in energy management due
to their rather short cycle life and low energy density. The technical drawbacks of
the conventional lead acid batteries led to further developments to, for instance,
extend the cycle life and to accelerate the recharging time. Advanced lead acid
batteries such as PbC RO introduced by Axion Power International or UltraBattery RO
distributed by Xtreme Power combined the properties of a conventional lead acid
battery with those of a supercapacitor by introducing a lead/active carbon negative
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electrode instead of the metal Pb negative electrode. This combination increases the
speciﬁc power while reducing the probability of sulphation of the negative electrode
at the charging state. The sulphation, sulphate crystal growth at the negative
electrode upon cycling, is responsible of the increase of the internal resistance and
therefore of the decrease of the cell's performances over time. In these advanced
battery designs, the positive electrode is also less sensitive to corrosion because the
probability of the electrolysis of water at low state of charge is reduced. These
emerging technologies cost unavoidable more than the traditional PbA batteries.
All PbA batteries contain environmentally toxic materials. However, the recycling
technology is quite well developed and most PbA are well disposed oﬀ. Further
readings on the latest deployment of PbA batteries as energy storage systems for
stationary applications can be found in the references [38, 44, 45].
2.4.4 Aqueous hybrid ion intercalation battery
Recently, the market of batteries revealed the apparition of a new candidate as
stationary storage device: the Aqueous Hybrid Ion (AHITM) intercalation battery
system invented by Aquion Energy. The manufacturing of AHI batteries, by the
start-up Aquion, started in 2012. They claim to oﬀer a cost-eﬀective and sus-
tainable product with high performance and safe energy storage system capable
of penetrating the stationary applications market, i.e. for oﬀ-grid and tie-to-grid
applications.
The technology is based on λ-manganese oxide positive electrode material cou-
pled with a NASICON (Na-Super-Ionic-Conductor) composite as negative electrode
material. Both materials are insertion compounds and host both Na+ ions and Li+
ions during cycling. They are immersed in an aqueous solution containing Na2SO4
and/or Li2SO4 salts as well as additives. The choice of storing the energy through
intercalation reactions was made because these types of reactions are more reversible
and more stable than other types of reaction mechanisms even though the quantity
of inserted ions is limited to the space available between the hosts' layers (see sec-
tion 3.4). λ-MnO2 was selected as its precursor, electrolytic manganese dioxide,
is extremely abundant and cheap. It is synthesised by a solid state reaction. At
the other terminal, a composite of NaTi2(PO4)3/activated carbon was chosen. The
activated carbon is necessary to enhance the electronic properties of the NASICON
compound. The composite is obtained by attrition milling of inexpensive precursors
followed by a temperature treatment to dewater the mixture before sintering. Both
methods to synthesise the active species are able to be scaled up for bulk production.
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Thick and large free standing electrodes are used with an approximative load of 10 g
of active material per electrode with an excess in mass of the positive electrode ac-
tive material to avoid a fully charged state of the manganese oxide. The battery
unit, composed of several layers of the described electrochemical cells in series and
in parallel, is assembled in various stacks to match the desired application, ranging
from few kilowatt-hours to multi-megawatt-hours installations, making it therefore
easily scalable (Fig. 2.19).
Figure 2.19: (a) A typical AHITM battery unit of battery technology. (b) A ﬁnal
product composed of a stack of 8 battery units.46
The company claims that the performances of their batteries are better than
PbA, safer than NaS and cheaper than LiB. These AHI batteries can be discharged
to 100% for up to 3000 cycles. The range of temperature stability is also greater
than the one for PbA. The materials used are neither corrosive, toxic nor ﬂammable,
the safety is therefore increased. Even if the energy and power densities of LiB is
higher, AHI is a battery of choice with respect to costs and performances compared
to LiB for similar applications. The overall price is cheaper than LiB because the
AHI batteries are produced from low cost precursors. For more discussions on the
performances and detail about the active materials and cell's conﬁguration, refer
to references [4648]. As young products, AHITM batteries are in demonstration in
already few projects.49
Case study: Microgrid in Kiholo Bay, Hawaii A 1 MWh AHITM module
serves as microgrid for a large residence. The batteries are connected to solar panels
and are charged over 8h during day time. They provide 16h of power supply during
discharging. The microgrid is designed to oﬀer up to 3 days of autonomy with the
batteries before using a power back-up, such as a propane generator.49
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2.4.5 Other potential batteries
A couple of other battery systems are mature and could be an option for the power
grid. So far, they are not seen as favourites for stationary storage applications.
NaNiCl (ZEBRA) and sodium metal halide
This type of sodium battery, alike NaS, operates at high temperature in the range
of 270-350°C. Two liquid electrodes are separated by a Na+ ion conductor solid elec-
trolyte, β-alumina ceramic. The positive electrode is a metal chloride, traditionally
NiCl2, submerged in a molten electrolyte (ex: NaAlCl4) facilitating Na+ ion con-
duction through the electrochemically active compound. Molten sodium is used as
negative electrode. ZEBRA and subcategory designs present few advantages over
NaS technology. They better tolerate overcharging and deep-discharging, are more
robust to failure and the materials are less corrosive. They can be assembled in dis-
charged state and they operate over a broader range of temperature with potentially
enhanced safety characteristics.38,50,28
Nickel-Cadmium (NiCd) and nickel-metal hydride (NiMH) batteries
This invention of NiCd batteries goes back to 1899 by Waldeman Junger, the NiMH
technology has been introduced on the market in the 1990's. A positive electrode
of nickel (III) hydroxide and a negative electrode of cadmium are soaked in an
alkaline solution, potassium hydroxide, as electrolyte.38 These batteries are a mature
technology. They have a good cycle life and handle temperature diﬀerences. They
are reported to have a high energy density and a much lower self-discharge than
PbA, are robust to deep-discharge. Their drawbacks are the relatively high costs
and the environmental concerns due to the high toxicity for health and environment
of the heavy metals used, Ni and Cd.
2.4.6 Criteria for batteries' evaluation
None of the battery systems can cover all applications. Often a compromise between
parameters has to be made according to the speciﬁc application. A deﬁnition of the
most important criteria is found in ref [38, 41, 51, 52]. Theoretical values are calcu-
lated from the thermodynamics of the electrochemical cell's reactions and are thus
independent of a particular cell design. Unlike, experimental values are related to
the total mass and volume of the complete battery including electrolyte, separators,
current collectors, terminals and cell housing.
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The theoretical voltage of the cell U0 [V] is determined by the choice of active
materials of both electrodes. It originates from the change in the standard Gibbs free
energy ∆G0 [g mol−1] associated with the electrochemical processes which occur in
the cell. It is expressed as shown in Equation (2.4), related to the Nernst equation:
U0 = E0+ −E0− = ∆E0 = −∆G0zF (2.4)
where E0+ [V] and E0− [V] are the standard potentials of the positive and negative
electrodes, respectively, z is the number of electrons involved in the stoichiometric
reaction and F is the Faraday constant which equals to 9.65 104 C mol−1 or 26.8 As.
Nevertheless, experimentally, not the whole chemical energy is converted to useful
electrical energy. A voltage drop, or overpotential, is caused by several irreversible
losses52 (Fig. 2.20). First, Ohmic losses are caused by the internal impedance of the
cell. It is the sum of the ionic resistance of the electrolyte, the electronic resistance of
the active material and current collectors, and the contact resistance at the interface
between the active mass and current collector. These losses are proportional to the
current density. Second, the activation polarisation exists across the cell. It drives
the electrochemical reaction at the electrode surface. And third, the concentration
polarisation arises from the diﬀerence in concentrations of reactants and products
at the electrode's surface and in the bulk as a result of mass transfer. Figure 2.20
shows the relation between cell polarisation and discharge current. At low current
density, where polarisation eﬀects and Ohmic losses are small, the cell may operate
close to the Open Circuit Voltage (OCV) and delivers most of its theoretical voltage.
Figure 2.20: Cell's voltage as a function of discharge current.52
The theoretical capacity Qth [Ah] of an electrode or a cell is determined by the
amount of active material used. It is expressed as the total quantity of the electrical
charge that is drawn from the electrode or cell (Eq. (2.5):




where m [g] and M [g mol−1] are the mass and the molar mass of the active mass,
respectively. The theoretical speciﬁc capacity qth [Ah g−1] and theoretical charge
density QV,th [Ah dm−3] are obtained by dividing the theoretical capacity by the
mass and the volume of the active mass, respectively. The capacity strongly depends
on the conditions of cycling, like temperature or discharging rate.
The capacity of the cell can also be considered on an energy basis by taking both
the voltage and the capacity into account. This theoretical energy Wth [Wh] value
is the maximum energy that is delivered by the cell (Eq. 2.6):
Wth = U0Qth (2.6)
Theoretical speciﬁc energy wth [Wh kg−1] and theoretical energy density WV,th
[Wh m−3] are calculated by dividing the theoretical energy by the mass and the
volume of the active mass, respectively. The amount of energy stored by mass of
active material, is referred as speciﬁc energy, whereas energy density refers to the
amount of energy stored by volume of active material.
The electric power P [W], delivered by the cell at a given time, is the product
of the current i(t) [A] and the voltage U(t) [V] (Eq. 2.7):
P = i(t)U(t) (2.7)
It is expressed either per unit of weight, p speciﬁc power [W kg−1], or per unit of
volume, power density PV [W m−3]. The power depends on kinetics of electrolyte,
interfaces and electrodes.
To evaluate the cell's performances, the Coulombic Eﬃciency (CE) η [%] is used.
It is deﬁned by Equation 2.8 as the ratio of the capacity released during discharge




Self-discharge designs the process of losing capacity when no load is connected
to the electrochemical cell.
Finally the lifetime or lifespan is deﬁned as the number of cycles that the cell
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where Qnthcycle and Q1stcycle are the capacities released at cycles number 1 and n,
respectively.
2.4.7 Performances
The chemical compositions of the active species change upon charging and discharg-
ing. Ideally, it could indeﬁnitely and reversibly change. However, in real systems
degradation mechanisms occur overtime. Performances, e.g. energy density and
power density, of each battery systems are closely related to the composition of the
materials composing the electrodes because the chemical energy is stored within the
electrodes' structure. The nature and the quality of the interface between the elec-
trolyte and the electrode, as well as the electrodes' stability upon cycling, determine
the number of cycles of charge/discharge of the battery before its degradation.
Figure 2.21: Performances of battery technologies deployed for stationary applica-
tions. Values from ref [53].
The radar graph, presented on Figure 2.21, compares graphically the perfor-
mances of the secondary battery technologies deployed in grid and oﬀ-grid appli-
cations. PHS, as mature technology, is used as reference due to its large share of
storage capacity, about 99 % of the total storage capacity (Fig.2.10 (b)). The scale
of the graph is logarithmic and mean values extracted from ref [53] were used. The
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authors provide a valuable statistical comparison of the characteristics of various
ESS among the available literature.53 PHS, PbA, NiCd and NiMH are mature tech-
nologies. However, their negative environmental impacts are high. The two high
temperature sodium batteries (NaS and ZEBRA) have the lowest environment im-
pact of all presented technologies and are still at an early stage of commercialisation.
As shown on the graph, batteries beneﬁt of a much higher energy and power den-
sities with respect to mechanical storage PHS. These properties have a detrimental
impact on the cycle life, which is lowered by one order of magnitude, resulting in a
5 times shorter lifespan of the battery's system compared to PHS. An unavoidable
self-discharge of any battery systems exists related to the evolving chemistry within
the cell. Among the batteries in operation in stationary applications, the LiB tech-
nology stores the highest amount of energy and power per weight and volume of
active materials. They are still expensive compared to the other available systems.
Due to their early stage of demonstration, AHI batteries were not added on the
graph 2.21.
2.4.8 Battery research trends for stationary applications
Research eﬀorts are pushed towards two main directions. The ﬁrst main research
area lies in the enhancement of the performances of the already existing battery
systems, for instance, the reduction of the total costs of the device, the increase
of the lifespan, or the improvement of the energy density. The second path is to
propose and develop alternative battery systems.
In pair with the controversial possible shortage of lithium, sodium-based battery
systems are seen as a competitive alternative technology for large scale energy stor-
age by the research community. Eﬀorts are made to lower the working temperature
of the two high temperature sodium batteries (NaS and ZEBRA) to increase the
safety and to reduce the total energy consumption. One suggested approach is to
develop a highly Na+ ion conductive electrolyte at a temperature below 100°C. For
NaS, even a complete new concept of the device is moved forward to propose an
eﬃcient, safe and cost eﬀective room temperature NaS. As for alternatives, two sys-
tems stick out: sodium-ion battery and sodium air battery. The former is believed,
in the near future, to become a viable candidate for stationary applications. This
system is described in more detail in the consecutive chapter (Chapt. 3). In the
later case, research is at its early stages. Higher energy densities are expected with
this system even if major challenges remain.36,54
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Chapter 3
Room temperature Na-ion Batteries
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The ﬁrst report on Na batteries was published by Jules Verne in 1870. The
device was used to propel the submarine Nautilus and to provide electricity on
board.55 In the 1970's, sodium-ion batteries (NiB) were investigated in parallel
to their lithium counterpart, LiB.56,57 With the discovery of a suitable negative
electrode for the LiB technology (graphite electrode), the commercialisation of LiB
could be pushed forward. Research and development eﬀorts were focused on the
LiB leaving NiB research aside. Due to increased environmental concerns in the
western world and the always increasing demand in energy of the planet, research
on sodium batteries have regained interests the last few years, principally for their
potential use in stationary applications.58 The sodium precursors are cheaper and
more abundant, therefore these batteries could become an alternative to LiB for
some speciﬁc applications. Moreover, as the practical performances at the cell level
depend on the electrochemical capacities and operating potentials of the negative
and positive electrodes, NiBs may exhibit comparative energy densities to LiBs, or
higher, and become competitive. From a practical point of view, an added beneﬁt
for NiB is the possibility to use low weight and less expensive aluminium current
collectors at both electrodes as Na does not alloy with Al.58 Copper, which is more
expensive, has to be the current collector of choice for the negative electrode in LiB
to avoid a reaction with Li when the cell is under operation. Several advantages and
drawbacks exist at the present stage of research, which are discussed in this chapter.
3.1 Operating principle
Basic information about second batteries, also referred as rechargeable batteries, is
described in 2.3.5.
The primary mechanism to convert electrical energy to stored chemical energy
is via oxidation-reduction reactions occurring at the electrodes. As the redox reac-
tions are reversible, the electrochemical cell releases electrical energy on demand.
The active materials of the electrodes associated in a cell have a diﬀerent chemical
potential. Consequently, an electromotive force exists across the cell setting the
OCV. When a load is connected to the electrochemical cell, a conductive path for
the electrons is provided. This path causes the electrons to ﬂow through the external
circuit from the negative to the positive electrode to lower their energy. This process
is referred as discharge. As a result, oxidation occurs at the negative electrode mate-
rial while the positive electrode material is reduced. This reaction triggers a charge
imbalance within the cell. To return to the state of chemical equilibrium, charge
transfer happens inside the cell. Na+ ions ﬂow from the negative electrode to the
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positive electrode through the separator. The ﬂow of electrons in the external circuit
creates a current, powering the load with electricity. Because the ﬂowing electrons
lower the total energy, the diﬀerence of potential between both electrodes becomes
smaller. The cell retransforms chemical energy into electrical energy. When the cho-
sen cut-oﬀ voltage is reached, the cell is considered as fully discharged. To charge
the cell, i.e. to store the energy back into the device, a power source is connected to
feed the cell with electricity. Reversed redox reactions and processes happen. Elec-
trons ﬂow from the positive electrode to the negative electrode through the power
source. Simultaneously, within the cell, Na+ ions ﬂow from the positive terminal
to the negative terminal through the electrolyte. In this conﬁguration, the positive
electrode material is oxidised (loss of electrons) while the negative electrode material
is reduced (gain of electrons). Figure 3.1 shows schematically the two conﬁgurations
when a load (discharging conﬁguration) or a power source (charging conﬁguration)
is connected to a rechargeable sodium-ion electrochemical cell.
Figure 3.1: Schematic representation of sodium-ion electrochemical cell. Inspired
from ref [59].
To assure performances, cycling stability and safety, the electrodes are a complex
system. In most cases, they principally consist of:
(i) a metallic current collector, typically aluminium or copper, to extract/inject
electrons to/from the external electrical circuit,
(ii) active material particles, responsible to store/release the energy,
(iii) Conductive Additives (CA), commonly Carbon Black (CB), Carbon Nan-
oTubes (CNTs) or other types of carbons, to enhance the electronic conductivity of
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the electrodes,
(iv) polymeric additives to improve the mechanical strength of the electrode upon
cycling, the adhesion to the current collector and between the particle, and for ease
of electrodes' processing. The wide-spread binders are PolyVinylidene DiFluoride
(PVDF) and CarboxyMethyl Cellulose (CMC).
To avoid a short cut of the cell, a polymeric or glass ﬁbres separator is used
to physically keep both electrodes electrically isolated. It is an insulator for elec-
trons but a conductor to ions. An electrolyte ensures the conductivity of the
ions between the electrodes. Typical liquid electrolytes used in NiB are a solution
of Na-based salts, such as sodium hexaﬂuorophosphate (NaPF6), sodium perchlo-
rate (NaClO4) or sodium-bis(triﬂuoromethanesulfonyl)imide (NaTFSI), dissolved in
carbonate-based solvents, such as Ethylene Carbonate (EC), DiMethyl Carbonate
(DMC) or PolyCarbonate (PC) for the most common.60Additives, like FluoroEthy-
lene Carbonate (FEC) or Vinylene Carbonate (VC), are used to improve the quality
of the electrode/electrolyte interface. A solid or gel electrolyte can be instead used
and serves, additionally, as separator.
Most of the experiments, cited in literature, are carried out in room temperature
half cell conﬁguration, i.e. the active material is cycled against metallic sodium.
Metallic sodium is subjected to severe dendrites' formation and the strong reactiv-
ity of the metallic sodium counter electrode with the electrolyte can also have a
major detrimental impact on the Coulombic eﬃciency.61,58 A material, that could
demonstrate bad performances in a half cell conﬁguration, may have interesting
performances in full cell conﬁguration. Slightly higher temperatures, for example at
60°C, should also be considered since a material having poor performances at room
temperature may have its performances improved and could be a suitable candidate.
3.2 Electrochemical tests
As batteries are devices whose principle is based on electrochemical reactions, elec-
trochemical cycling serves therefore as basic test for understanding the processes
happening within the cell.
The comparison between the response of the diﬀerent materials tested in Na
electrochemical cells helps to determine the viability of the material as electrode
material. In this work, the response was studied principally according to two elec-
trochemical analytical techniques: Cyclic Voltammetry (CV) and Galvanostatic Cy-
cling with Potential Limitation (GCPL).
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3.2.1 Cyclic voltammetry
Qualitative and quantitative information on electrochemical reactions happening in
an electrochemical cell is obtained through CV. The technique consists in applying
a potential step to the electrochemical cell and the induced current at the working
electrode is recorded. The potential is scanned at a constant rate between an initial
and a ﬁnal potentials, Vi and Vf . When Vf is reached, the scan is reversed and the
potential is swept back to Vi, as shown in Figure 3.2 (a). The response of the system
is recorded over time because the current at the working electrode evolves, depending
on the electrochemical reactions happening at the electrodes. It is assumed, that if
the potential steps are small enough, the system responds close to thermodynamic
equilibrium. At each potential step, the system has the time to respond to the change
of potential, driving electrochemical reactions. Electrons are released to/taken from
the external circuit. A current at the working electrode is therefore measured. Figure
3.2 (b) schematically described a typical CV plot for a reversible reaction.
Figure 3.2: (a) Current and potential as a function of time for CV ; and (b) typical
cyclic voltammogram for a reversible reaction.
As the applied potential approaches the characteristic potential of the redox reac-
tion, the current increases, proportional to the number of electrons released to/taken
from the external circuit. It reaches a maximum, ic, which is limited by the diﬀusion
of the ions in the electrolyte. When the direction of the potential sweep changes,
the reverse redox reaction takes place, and the current reaches a maximum value, ia,
again. The direction of the current is deﬁned in relation to oxidation and reduction
reactions. Positive (negative) current is deﬁned as the current direction leading to
oxidation (reduction). The broadness of the peaks is related to the kinetics and the
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conductivity of the electrodes. For reversible processes, both peaks, centred at ic and
ia, are sharp and the potential diﬀerence between them is small and independent of
the potential sweep. However, when the reaction is quasi-reversible, peaks become
broader and the potential diﬀerence larger. In contrast, the CV curve is asymmetric
for irreversible reactions. Only one broad peak is recorded and the current of the
peaks depends solely on the applied potential rate.40,62
In the battery's context, the voltammogram corresponding to the ﬁrst cycle will
always be diﬀerent than those of the subsequent cycles. This ﬁrst cycle describes,
aside of the redox reactions of the material, the formation of the Solid Electrolyte
Interface (SEI) layer. This layer corresponds to the partial decomposition of the
electrolyte at a speciﬁc potential.
3.2.2 Galvanostatic cycling with potential limitation
GCPL is a frequently used technique to estimate the speciﬁc capacity and to evaluate
the cycling stability of the electrode materials. A constant current is applied with
a galvanostat to a working electrode between potential limits. The potential of the
electrode is recorded as function of time as shown schematically on Figure 3.3. If the
working electrode is the negative electrode, applying a positive current oxidises the
electrode material, a negative current reduces it. The potential proﬁle characterises
the multi-step redox reactions occurring at the working electrode.40
Figure 3.3: Current and potential as a function of time for GCPL, schematic repre-
sentation.
Several graphs are deduced from a GCPL plot, such as the speciﬁc capacity
upon the number of cycles, the potential proﬁle as a function of the capacity or the
amount of ions transferred during the reaction.
3.3. CURRENT LIMITATIONS 47
3.3 Current limitations
Despite the similarities between room temperature LiB and NiB systems, the trans-
fer of knowledge, that was cumulated over the years of LiB research, is not straight
forward. Speciﬁc issues, not solved until now, related to the room temperature
sodium technology exist, slowing down the commercialisation of a viable room tem-
perature NiB.
The ﬁrst issue is the lack of suitable electrolytes. In an ideal system, the elec-
trolyte would transfer Na+ ions very fast and would not gradually decompose while
the device is in use. Organic liquid electrolytes can have high Na+ ion mobility
properties. Beside being expensive, toxicity and safety issues are related to the use
of these electrolytes. In fact, organic electrolytes are inﬂammable. Some salts used
to increase the mobility of Na+ ions are also not recommended for a commercialised
device. It is the case for NaClO4, for instance. In real systems, these electrolytes
decompose when the electrochemical cell is at a speciﬁc potential. The decomposi-
tion products create a solid layer at the interface between electrolyte and electrode,
known as the SEI. The SEI has to be stabilised to prevent further electrolyte de-
composition while staying permeable to Na+ ions at any time to ensure the charge
transfer to the electrode material. Without a careful electrolyte choice, the SEI
may thicken upon cycling, leading to the insulation of the electrodes. With the use
of solid electrolytes, the safety is increased as they are not ﬂammable and have a
higher stability towards oxidation and reduction. The mobility of Na+ ions through
the solid electrolyte is, on the contrary, limited. Charge transfer at the interfaces is
also more diﬃcult.
The second issue is the lack of suitable negative electrode materials. In an ideal
NiB, metallic sodium would be the best negative electrode material candidate. It
is relatively cheap, has a high possible speciﬁc capacity and the lowest discharge
potential among all other materials. In a commercial system, the use of metallic
sodium is banned due to safety reasons (see section 3.4.1). Alternative negative
electrode materials for NiB have to be found. Up to now, the suggested candidates
still have a limited cycling stability and/or low gravimetric/volumetric densities,
when compared to LiB options. As a result, it is not competitive enough to direct the
industry to develop commercial NiBs. A review on the negative electrode materials
that have been, and are currently, under investigation, is given in 3.4, with an
emphasis on metal-based negative electrode materials.
Last but not least, it exists a lack of standard procedures, making diﬃcult the
comparison between materials of diﬀerent research groups.
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3.4 Research trend for negative electrode materials
In the last decade, an exponential increase of published papers on negative electrode
materials for NiB is observed (Fig. 3.4).
Figure 3.4: Evolution of the yearly number of papers (journal articles and re-
views) related to electroactive electrode materials, binders, electrolytes, elec-
trode/electrolyte interphase for negative electrodes in sodium batteries. Source:
SciFinder. Insert: comparison of the chemical natures of Na and Li.63
Various materials have been tested in combination with diﬀerent electrode's for-
mulations. The interactions, between the active material and the Na+ ions transfer-
ring between the electrodes, have also been investigated. Several storage mechanisms
have been highlighted and are still under discussion.59 Perhaps, the most understood
and documented mechanism is referred as intercalation mechanism. This mechanism
is expected when the active material (host material) is composed of layers, whose
interlayer distances are at least as large as the size of the Na+ ions. At sodiation of
the host material, Na+ ions intercalate between the layers, storing a speciﬁc capac-
ity. The intercalation can either be homogeneous or non-homogeneous. In the later
case, the layers are not ﬁlled one after the other but rather randomly. The structure
of the host material does not undergo much changes upon cycling. The layers are
sometimes slightly stretched by the insertion of the ions. As a result, insertion and
removal of Na+ ions in/from the host materials through the intercalation mecha-
nism are rather stable. A prolonged cycling is therefore possible with the reversible
intercalation of Na+ ions without major structural changes of the host structure.
Almost no degradation of the host occurs making such materials suitable for high
numbers of cycles. However, the capacity stored in such materials is limited. When
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all positions able to accept Na+ ions in the layers are occupied, no more ions can
interact with the host. In order to increase the amount of capacity stored in the
active material, non-layered materials are implemented in the Na electrochemical
cell. The predominant mechanism is, in this case, the conversion mechanism. The
interaction of the matter with the insertion and the extraction of Na+ ions generates
the breaking and recombination of chemical bonds through solid state redox reac-
tions. A large increase in the electrochemical capacity is achieved at the expense of
major structural changes. The diﬃculty to buﬀer these volume's variations results
in performance penalties, such as short cycle life and large voltage hysteresis. Two
main reactions are stated below (Eq. 3.1 and 3.2):
Type I ∶MXz + zyNa =M + zNayX (3.1)
Type II ∶M + yNa = NayM (3.2)
where M is a metal, Na is elemental sodium, X = O, S, F, P, N.... and y, z are
coeﬃcients. The reaction of type II is often referred to as alloying mechanism.
The main negative electrode materials, discussed by the scientiﬁc community,
are reported next. A detailed description is given for the metal-based electrodes
that are studied in literature, especially Sn-based metallic electrodes. It serves as
fundaments to the present work. Extended literature reviews on negative electrode
materials are found in the references [59, 6365].
3.4.1 Metallic sodium
Na metal possesses the lowest reduction potential (-2.70 V vs. Standard Hydrogen
Electrode) in a Na cell. It would provide a theoretical speciﬁc capacity of up to 1165
mAh/g. Unfortunately, metallic sodium as negative electrode in commercial cells is
not advisable because of safety concerns. Na metal is subjected to dendrite forma-
tion, more than its lithium counterpart.66,67 Upon cycling, safety decreases as the
instability of the metallic Na increases with the formation of dendrites which could
potentially cause the short cut of the cell, leading to a thermal run away and ﬁnally
to catching ﬁre. It also results in the degradation of the capacity as the electrode's
impedance increases upon cycling. Its safety is further discussed by the low melting
point of sodium (97.7 °C).68,65,69 Hence, in order to propose a viable commercial
device, it is crucial to ﬁnd a suitable sodium host negative electrode material with
low redox potentials (at least below 1 V vs. Na+/Na) and with less tendency to form
dendrites. Up to now, several materials have been explored, including carbonaceous
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materials, sodium alloys, metal oxides/sulphides and phosphides. The speciﬁc ca-
pacity and the average operating potential for various negative electrode materials
are summarised in the diagram on Figure 3.5.
Figure 3.5: Average voltage and speciﬁc energy vs. speciﬁc capacity for various
negative electrode materials for NiBs. Speciﬁc energy [Wh/kg], based on the weight
of active materials in optimally balanced positive and negative electrodes, is calcu-
lated by the diﬀerence of average potential and reversible capacity of active materials
examined in Na half cells according to previous literature.63
3.4.2 Carbon-based materials
Various carbons, used as negative electrode materials, are reported and discussed in
literature.63,65,64
Graphite
Graphite, being the negative electrode material reference for LiB, is almost electro-
chemically inactive in Na cells. Only a few amount of sodium has been proven to be
reversibly electrochemically inserted into graphite.70,71,72,73 The low storage capac-
ity and the high irreversibility is associated with the mismatching of the graphite
interlayer distance (d002 = 0.334 nm) to the larger size of Na+ ions (0.97 A˚) compared
with Li+ ions (0.68 A˚).
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Hard carbons
Hard carbons (HC), that are non-graphitisable at high temperature, show interesting
electrochemical properties in room temperature non-aqueous NiBs. HC have been
described as a composition of small domains of few carbon layers (with larger inter-
layer distances than graphite) parallel to each other, randomly orientated stacked
with respect to each other. This stacking creates regions with nanoscale porosities
(Fig. 3.6 (a)).
Figure 3.6: (a) Simpliﬁed hard carbon model ﬁlled with Na+ ions,74 and (b) typical
voltage proﬁles of hard carbon negative electrode material tested in a non-aqueous
electrolyte sodium cell at room temperature.75
In 2000, Stevens and Dahn report, for the ﬁrst time, that Na+ ions are success-
fully electrochemically inserted into/removed from HC at room temperature in a
carbonate-based electrolyte.74 Their electrodes demonstrate a reversible capacity of
around 300 mAh/g vs. Na+/Na. Various syntheses of HC have been proposed, such
as the pyrolysis of various hydrocarbon precursors, e.g. sucrose or petroleum coke,
or the mechanical milling of graphite.76,65,64 A recent review, published by Irisarria
et al., summarises the electrochemical performances of HC in relation to the syn-
thesis methods and HC microstructures.77 The voltage proﬁle is composed of two
distinctive features. The sloping voltage region down to 0.2 V vs. Na+/Na is asso-
ciated with the intercalation of the Na+ ions between the parallel carbon layers and
the adsorption of a monolayer of Na onto the graphene surfaces. The low potential
plateau, below 0.1 V vs. Na+/Na, is attributed to the adsorption of Na+ ions into
the pores of the HC, created by the random stacking of the graphene sheets.74,78 A
typical potential proﬁle is displayed on Figure 3.6 (b).
HC electrodes demonstrate a stable reversible capacity in the range of 150-300
mAh/g vs. Na+/Na at low current rate. Nevertheless, they exhibit a high ﬁrst cycle
irreversible capacity loss, above 300 mAh/g, and a low rate capability.76 Addition-
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ally, HC have a low density (about 1.5 g/mL). As a consequence, its volumetric
capacity is also limited to 450 Ah/L.68
3.4.3 Insertion hosts
Several reviews treat the subject in detail.59,63,65,64
Transition metal oxides
Besides carbonaceous hosts, an emerging class of materials that remains relatively
unexplored in the case of NiBs, are insertion electrodes based on transition metal
oxides. Among others, titanium dioxide (TiO2) has attracted attention because of
its exceptionally stable, non-toxic, inexpensive and abundant character. Nanosized
anatase was successfully employed for the ﬁrst time as negative electrode by Xu et
al.79 A stable reversible charge storage capacity of 150 mAh/g, corresponding to
approximately 0.5 mole of inserted Na+ ions, over 100 cycles is obtained. More-
over, the tolerance to fast Na+ insertion and extraction is reported to be satisfying
as the capacity is completely recovered after cycling the electrodes at a rate of
2 A/g.79 Several other layered materials, such as layered lithium and sodium ti-
tanates (Li4Ti5O1280 Na2Ti3O781) have been reported to be electrochemically active
in NiB, while having their reaction potentials below 1 V vs. Na+/Na. Palacin's
group81 identiﬁed Na2Ti3O7 as an eﬀective low voltage Na+ insertion compound,
that has the ability to reversibly incorporate two Na+ ions per formula unit (0.67
Na+ per Ti with 200 mAh/g) at an average potential voltage of 0.3 V vs. Na+/Na.
It is the lowest voltage ever reported for an oxide insertion material in NiBs.
Transition metal phosphates
Transition metal phosphates of the NASICON-type based on the formula AnM2(XO4)3
(A: alkali, M: transition metal, X: Si4+, P5+, S6+, Mo6+, etc.) are the second inser-
tion compound family studied as negative electrode materials for room temperature
Na cells.82,83 Originally suggested as solid electrolyte,84 Delmas et al.85,86 ﬁrst
demonstrated the reversible electrochemical Na insertion into NaTi2(PO4)3.
Organic compounds
In addition to inorganic materials, several organic compounds, such as disodium
terephthalate (Na2C8H4O4) and disodium rhodizonate (Na2C6O6), have been pro-
posed.87,88,89,90 Organic compounds oﬀer the advantages of sustainability and abun-
dance. Zhao et al.87 report that Na2C8H4O4 electrodes exhibit a reversible capacity
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of 250 mAh/g, corresponding to a two electrons transfer at an average voltage of
0.45 V vs. Na+/Na. The thermodynamic and kinetic properties of organic electrodes
is easily controlled by tailoring the benzenecarboxylates through the insertion of di-
verse functional groups, resulting in diﬀerent electrochemical responses.88
Organic materials could turn out to be a promising candidate as a negative elec-
trode and be a good alternative for low cost NiBs if the energy density and the
electronic conductivity are increased while the reaction potential is lowered. Nev-
ertheless, insertion type negative electrode materials have shown their limitations
since their capacities do not exceed 300 mAh/g. Much higher capacities are reached
with conversion type materials.
3.4.4 Conversion hosts type I
Several reviews detail the on-going research, presenting the performances and mech-
anisms of these materials. The speciﬁc issues are also discussed.63,65,64,91
Conversion hosts type I are generally found for binary transition metal com-
pounds MaXb (M: transition metal, X: O, S, F, P, N, etc.). Their high capacity
values was ﬁrst evidenced for LiBs.92 Until now, this class of materials has not
been widely explored in NiBs. They deliver higher capacities than carbonaceous or
insertion host materials but demonstrate shorter lifetime (see section 3.4).
Transition metal oxides
In NiBs, conversion reactions of metal oxides were ﬁrst demonstrated with the spinel
NiCo2O4. This compound provides a reversible speciﬁc capacity of 200 mAh/g with
a huge irreversible capacity loss at the ﬁrst cycle.93 A subsequent extended X-ray ab-
sorption ﬁne structure investigation proves that the main conversion reaction is the
reduction of NiCo2O4 into metallic Ni and metallic Co with the formation of sodium
oxide (Na2O).94 A high reversible capacity of 896 mAh/g over 20 cycles at an average
potential of 0.5 V vs. Na+/Na is reported for Sb2O4 thin ﬁlm electrodes.95 The re-
versible conversion reaction of Sb2O4 with Na involves both alloying/dealloying and
oxidation/reduction processes of Sb. Komaba et al.96 and Koo et al.97 investigate
nanocrystalline Fe3O4 and hollow-Fe3O4 nanoparticles, respectively. The electrodes
exhibit a speciﬁc capacity of 160190 mAh/g in a potential range of 1.141.4 V vs.
Na+/Na for few cycles. Thin ﬁlms of xFe2O3-(1-x)NiO (with x = 0.38-0.49) demon-
strate a ﬁrst discharge capacity of 870 mAh/g, with a capacity retention of 68 %.98
This reversible capacity is the highest ever reported for transition metal oxides in
NiB.
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Metal sulphides
Metal sulphides such as Ni3S299 and FeS2 have been reported to exhibit conversion
type I behaviour during Na uptake. FeS2 displays a capacity of 85 mAh/g over 50
cycles, with a ﬁrst discharge capacity of 630 mAh/g.100 Sn sulphides are reviewed
in reference [91] and are reported to demonstrate both conversion types behaviours.
Phosphorous-based electrodes
Phosphorous as electroactive material is under investigation in room temperature
NiB. Its Na-rich phase is the compound Na3P, delivering a theoretical capacity of
2596 mAh/g with a reaction potential around 0.4 V vs Na+/Na. It is the highest
theoretical capacity of all elements studied so far. Red and black phosphorous have
been described in literature as potential negative electrode material candidates and
are reviewed by Dahbi et al.63 As for the other conversion type materials, the
cyclability of the electrodes are limited,101,102 partially due to the severe electrolyte
decomposition.103 For instance, Qian et al.104 propose an amorphous P/C composite
prepared by high energy ball milling. The electrodes cycle 40 times at the high rate
of 250 mA/g, delivering a reversible speciﬁc capacity of 1750 mAh/g. Transition
metal sulphides are also investigated, such as NiP3105 which still delivers a capacity
of 900 mAh/g after 15 cycles. Sn phosphide electrode materials, that theoretically
store 1132 mAh/g with the formation of Sn4P3, are reviewed in reference [91].
3.4.5 Conversion host type II = alloying mechanism
Sodium has the possibility to form stable alloys with a variety of elements of the
periodic table.106 Some of these alloys can be obtained electrochemically, making
them attractive for electrochemical ESS. Metals (In, Sn, Pb) and metalloids (Si, Ge,
Sb) are under investigation as negative electrode materials for room temperature
NiB. Compared to intercalation reactions, multi-electrons reactions occur per molar
unit. The multi-electrons reactions lead to higher speciﬁc capacities. Theoretical
capacities per weight and per volume of the reviewed elements are reported in Figure
3.7. The description of the calculations are found in appendix B.3.1.
However, these alloys share the same major drawback. They are facing a large
volume expansion/contraction during sodiation/desodiation, respectively. This vol-
ume change leads to a loss of electrical contacts between active particles, the con-
ductive network and the current collector if the volume changes stay unconsidered.
The cycle life of the electrodes is compromised with the undergoing pulverisation,
resulting in rapid capacity fading. Another issue contributing to capacity fading
3.4. RESEARCH TREND FOR NEGATIVE ELECTRODE MATERIALS 55
(a) (b)
Figure 3.7: (a) Theoretical gravimetric capacities ; (b) theoretical volumetric ca-
pacity of Si, Sn, Sb, and P electrodes in Na cells. Hard-carbon as a Na insertion
material is reported for ease of comparison.63
is the continuous formation of the SEI onto the freshly exposed surface, during
repeated volume extension/shrinkage of the active material because of the instabil-
ity of the electrolytes used. As a consequence, the SEI layer thickness gradually
increases, insulating the negative electrode and forms a Na+ ions barrier. The con-
tinuous decomposition of the electrolyte is also problematic in this closed system,
the electrochemical cell, in which supply of electrolyte is limited.
Silicon electrodes
Density Functional Theory (DFT) calculations68 predict an operating voltage of sili-
con electrodes of 0.15 V vs. Na+/Na with the formation of NaSi phase, corresponding
to a theoretical capacity of 954 mAh/gSi. Additionally, due to the non-toxicity and
the abundance of Si, Si is a very attractive negative electrode material for NiB.
However, experimentally, Si electrodes do not perform well, reaching a speciﬁc ca-




of the theoretical capacity.107 Novel
strategies have to be explored to address the challenges. Based on ab initio molecular
dynamics simulations,108 amorphous Si may be a potential candidate.
Indium electrodes
Recently, Webb et al.109 investigated the potential of sputtered pure indium thin
ﬁlms. Theoretically, In electrodes deliver a speciﬁc capacity of 467 mAh/gIn, with
the formation of the intermetallic Na2In. A current rate of C/10 is chosen by the
authors109 for room temperature GCPL tests in the potential window 0-2 V vs.
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Na+/Na. Their thin ﬁlms are electrochemically inactive against Na. A large decom-
position of the carbonate electrolyte is observed at about 0.9 V vs. Na+/Na at the
ﬁrst sodiation, resulting in a reversible capacity of around 5 mAh/g. Yet, with the
addition of 5 wt% FEC in the electrolyte, the plateau at 0.9 V is almost suppressed
and the reaction between Na+ ions and the indium electrode takes place at 0.34 V at
sodiation and 0.44 V at desodiation. These single plateaus correspond to the inser-
tion of only 0.5 Na+ ions and the removal of 0.3 Na+ ions, respectively. The electrode
sustain about 15 cycles with a reversible capacity increasing from 75 mAh/g at the
2nd cycle to around 125 mAh/g at the 15th cycle before fading. The authors noted
the presence of two plateaus at the 2nd sodiation, at 0.38 V and 0.31 V, which merge
upon cycling. The poor sodium uptake and removal is connected to the diﬃculty
that Na has to diﬀuse through bulk In, conﬁrmed by the presence of pure indium
reﬂections on ex situ X-Ray Diﬀraction (XRD) patterns of a fully discharged cell.
Webb et al. suggest, that the increase of capacity upon cycling corresponds to the
reduction of In particle size and the increase of surface area, leading to the improve-
ment of the reaction kinetics.109 Beside the poor electrochemical performances of
bulk In electrodes, it is not realistic to consider In as negative electrode material for
large scale energy storage applications as In is a rare and an expensive element.
Germanium electrodes
DFT calculations predict that Ge electrodes react with Na at a potential of 0.35 V vs.
Na+/Na with the formation of the intermetallic phase NaGe, delivering theoretically
a speciﬁc capacity of 369 mAh/gGe.68 The low reaction potential makes Ge an
interesting negative electrode material. Experimentally, several groups report that
crystalline bulk107 and nanowires110,111 Ge electrodes are electrochemically inactive
against sodium. Amorphisation is essential to successfully sodiate Ge reversibly as
shown by further studies.112,113,110,111 Sputtered amorphous Ge thin ﬁlms sustain
15 cycles (about 400 nm thick ﬁlm)113 and 30 cycles (100 nm thin ﬁlm)110 with a
reversible capacity of around 350 mAh/g. Abel et al. synthesised dense amorphous
ﬁlms by physical vapour deposition.112 Conditioned at a low current rate for 1 cycle,
their electrodes sustain 15 cycles with a four times higher current rate, achieving a
reversible capacity of 400 mAh/g. The three groups113,110,112 mention a fast capacity
decay of their electrodes, consecutive to the pulverisation of the Ge ﬁlm. Baggetto
et al. observe that their ﬁlms undergo morphological changes upon cycling while
being covered by a thick SEI.113 Adding to that, Abel et al.112 report the presence
of cracks, already visible by SEM after the ﬁrst cycle. It is a direct observation of
the pulverisation of the ﬁlm electrode upon cycling. At each cycle, fresh material
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surface is exposed to the electrolyte. The electrolyte decomposes and fresh SEI
is formed. Consequently, the SEI layer thickens and the resistance through this
layer increases. The transfer of Na+ ions is hampered, limiting their reaction with
Ge particles. The same group112 also grew nanocolumnar amorphous Ge ﬁlms by
evaporative deposition. The columns are 20 nm in diameter and perpendicularly
grown onto a stainless steel substrate. The performances are enhanced thanks to
the nanostructured design of the Ge electrode. Firstly, the diﬀusion length for the
Na+ ions is shortened because of the relatively large surface area to volume ratio,
the surface diﬀusion being faster than bulk diﬀusion in solids. The electrodes are
therefore stable at a very high current rate of 10 A/g with a fast insertion/removal
of the ions, retaining still a capacity of about 164 mAh/g. Secondly, large surface
areas participate to the total reaction (increase of the available surface area for
Na uptake) and the individual column serves as buﬀer during volume expansion,
resulting in a longer lifespan. A reversible speciﬁc capacity of 430 mAh/g is delivered
over 100 cycles. The shape of the potential proﬁles during sodiation and desodiation
is ﬂat. This behaviour is an indication that a two-phase reaction mechanism occurs
between a Na-rich phase and a Na-poor phase propagating through the material
as (dis)charging progresses.112 Very little changes in the shape of the potential
proﬁle upon cycling is reported, indicating the reversibility of the processes.112 The
experimental speciﬁc capacity exceeds the theoretical one. The sodiation reaction
ﬁnishes with the insertion of about 1.17 Na+ per Ge.112 The product obtained is
therefore not the known thermodynamic equilibrium phase, NaGe. Kohandehghan
et al.110 propose the introduction of nanoporosity into Ge nanowires, synthesised by
chemical vapour deposition, by pre-cycling the Ge electrodes against Li prior to Na
testing. These nanowires steadily cycle for 55 cycles, delivering a speciﬁc capacity
of about 350 mAh/g. The same pre-cycling procedure is used in the study by Lu
et al.,111 in which they follow by in situ transmission electron microscope (TEM)
the sodiation and desodiation processes of preconditioned Ge nanowire electrodes.
A V-shape Na diﬀusion along the nanowire and a volume expansion, corresponding
to a sodiated phase close to Na1.6Ge, are reported. Pre-cycling the Ge nanowires
against Li results in their amorphisation.110,111
Lead electrodes
According to DFT calculations based on known crystal structures, the theoretical
Pb sodiation mechanism happens in three successive steps:68
3Pb +Na = NaPb3 (0.45 V ) (3.3)
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NaPb3 + 2Na = 3NaPb (0.3 V ) (3.4)
4NaPb + 11Na = Na15Pb4 (0.1 V ) (3.5)
An early experimental work by Jow et al.114 reports an extra plateau at around
0.2 V, corresponding to the formation of Na5Pb2 phase from NaPb as desodiation
progresses. Their experimental reaction potentials are slightly higher than the ones
predicted by DFT, 0.55 V, 0.4 V, 0.2 V, 0.15 V.114 In a later study, Komaba et al.107
conﬁrm the existence of four distinct ﬂat plateaus when commercial microsized Pb
particles (< 45 µm) are desodiated at a current rate of 50 mA/g between 0-1.5 V. The
reversible speciﬁc capacity of such electrodes at the ﬁrst cycle is about 360 mAh/g.
A toxicity issue remains with the use of Pb-containing batteries.
Antimony electrodes
Many studies on Sb electrodes have been published in the last years, showing the
growing interest of the community. The Na-rich phase existing in the binary phase
Sb-Na diagram (reported in appendix B.5.1) is the intermetallic Na3Sb. Its theo-
retical capacity is 660 mAh/g. A comparative study, published by Darwiche and
coworkers,115 shows that bulk Sb electrodes cycle longer in a Na cell than in a Li
cell. Commercial Sb powder (70 wt%), mixed with Vapour Carbon Ground Fibres
(VCGF) and CB as CA (15 wt%) and CMC binder (15 wt%), is used as electrode
composite. Cycled in FEC-additive containing electrolyte, the electrodes sustain a
stable reversible speciﬁc capacity of 576 mAh/g over 160 cycles at a rate of C/2 in
the potential window 0.02-1.5 V vs. Na+/Na. In contrast, when the electrodes are
tested in a Li cell, the capacity fades upon cycling.
As displayed on the potential proﬁles (Fig. 3.8), the ﬁrst sodiation occurs along
a single long plateau (I) centred at 0.45 V vs. Na+/Na, with the insertion of 3 Na+
ions per Sb, whereas the ﬁrst desodiation happens in two steps with a long reaction
plateau centred at 0.8 V (I') and a shorter one centred at 0.9 V (I), with the removal
of about 2.3 Na+ ions. The second sodiation reaction path is diﬀerent, indicating
the restructuring of the electrode material after the ﬁrst sodiation. Four distinct
plateaus are, in fact, observed at 0.72 V, 0.55 V, 0.50 V and 0.35 V (denoted II, III,
IV, and V on Fig. 3.8). In contrast, the second desodiation path stays identical to
the ﬁrst desodiation path.
The reaction mechanism of Sb in room temperature Na cells was followed by in
situ XRD.115 At sodiation, crystalline Sb is electrochemically reduced to form an
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Figure 3.8: Potential proﬁles of ﬁrst and second cycles of commercial Sb powder at
C/2 rate between 0.02-1.5 V vs. Na+/Na.115
amorphous compound NaxSb. As sodiation progresses, NaxSb is further reduced to
crystalline Na3Sb with a hexagonal lattice through the formation of cubic Na3Sb as
a metastable intermediate phase. At desodiation, the crystalline Na3Sb is oxidised,
forming amorphous Sb as oxidation product of a fully charged cell at 1.5 V.115 The
authors associate the prolonged lifespan of Sb electrodes in Na cells, compared to
Li cells, with the diﬀerent electrochemical reaction paths occurring in both systems,
reproduced in Figure 3.9. A recent paper, published by Allan and coworkers,116
reports new highlights on the complexity of the (de)sodiation mechanisms of Sb
electrodes in a Na cell. The mechanism of the ﬁrst desodiation and second sodia-
tion is reproduced on Figure 3.10. The (de)sodiation of Sb occur via a multi-steps
reaction.
Figure 3.9: Comparison of the reaction mechanisms of bulk Sb in Na+ ion and Li+
ion cells.115
A good tolerance of Sb electrodes to fast Na uptake and removal is reported
in literature.115,116,117 After a high rate test to 4C, a reversible capacity of 528
mAh/g is still delivered. The speciﬁc capacity at low rate (C/10) is totally recovered
(around 610 mAh/g), indicating that the electrodes are not damaged. The excellent
rate performance of Sb may originate from the high sodium mobility within the
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Figure 3.10: Proposed alloying mechanism of Sb of the ﬁrst desodiation and the
following second sodiation. Galvanostatic cycling at a rate of C/20.116
crystalline Na3Sb.116
Several strategies have been proposed to improve the performances (speciﬁc
capacity, capacity retention, cyclability, rate capability), to contain the volume
changes, and/or to oﬀer eﬃcient and low cost syntheses of Sb negative electrode
material. These strategies are often combined: particle size reduction,118 compos-
ites with various carbons,119,120,121,122,123,117,124,125,126,127,128,129,130 composites with
diﬀerent binders,131 conductive agent- and binder-free electrodes' design,132 particle
morphologies (like Sb ﬁbres,133 Sb hollow nanospheres134), Sb nanocrystals,118 and
electrolyte choice.135,136 Also a non-negligible amount of publications treats thin
ﬁlms or powder Sb-based intermetallics MxSby, where M is a metal or a compound,
that is electrochemically inactive with Na, such as FeSb,137 CuSb,138,139,140,141
Al-Sb,142 Mo-Sb143 and Zn-Sb.144
The addition of a small amount of FEC into the electrolyte improves the quality
of the SEI layer135,136 and hence signiﬁcantly enhances the cycle life of Sb elec-
trodes135,145 (Fig. 3.11). Without FEC, the resistance through the SEI layer in-
creases upon cycling up to the point where charge transfer cannot occur through
the SEI because of its high resistance.145 This resistance leads to the drop of the
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capacity.
Overall, the reversible speciﬁc capacity of Sb electrodes, reported in literature,
remains around 600 mAh/g or below with a cycling stability above 100 cycles. Most
authors mention the excellent high rate capability, setting Sb negative electrode
material apart from the other metal-based electrodes.
Figure 3.11: Cyclability and SEI ﬁlm resistances of ball-milled Sb/C active material
at 100 mA/g with (red) and without (blue) FEC addition.145
Tin electrodes
Tin is perhaps the most interesting metallic negative electrode material for large
scale energy storage. It is relatively inexpensive (around 20 $US/kg) as it is fairly
abundant. It is also a non-toxic element and relatively safe to handle. From en-
ergy storage perspective, Sn possesses theoretically high storage capacities both per
weight and per volume, 847 mAh/gSn and 1130 mAh/cm3, respectively.68 It is about
three times the capacities experimentally reached by HC in Na cells and about twice
the capacity of the graphite negative electrode material in current commercial LiBs.
The reaction potentials of Sn with Na lie below 0.5 V vs. Na+/Na with lower reac-
tion potentials than those in the Sb system. Research on Sn-based electrodes has
been intensiﬁed in the last couple of years. Many studies have been dedicated either
to the improvement of the electrochemical properties such as speciﬁc capacity, ca-
pacity retention, cycling stability, CE, rate performance, etc or to the understanding
of (de)sodiation mechanisms of Sn electrodes. Most reported studies test Sn-based
electrode materials in half cell conﬁguration, in carbonate-based liquid electrolyte,
preferably using 1M NaClO4 in PC. A complete review on Sn-based materials for
NiB was recently published by Li et al.91 Despite the high theoretical capacity of
Sn, the drastic volume expansion, 420 % at full sodiation with the formation of the
highest sodiated phase Na15Sn4, prevents the access to this capacity. The electrodes,
being under high mechanical stress during expansion and contraction of the active
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material, lose rapidly electrical contact, resulting in a rapid decay of the capacity.
Several combined strategies have been implemented to contain the volume changes
for prolonging the cycle life and to increase the ionic and electronic mobilities for
improving the rate capability and obtaining higher speciﬁc capacities.
Electrochemical performance of Sn Diﬀerent sizes of commercial Sn particle
powders, processed in slurries of Sn:CB:PVDF with weight ratio 8:1:1 coated on Cu
foil current collectors, have been tested by Datta et al.146 and Komaba et al.107 at a
current rate of 50 mA/g. The former prepared electrodes with microsized particles
(44 µm), the later with nanosized ones (< 150 nm). Na electroactivity is reported
with poor cycling stability performance (Fig. 3.12 (a)). The ﬁrst sodiation to 0.01
V reaches the theoretical capacity. However, the reversible capacity at the ﬁrst cycle
of the microsized Sn-based electrode is only 280 mAh/g, being 67 % of irreversible
loss at the ﬁrst cycle.146 The reversible speciﬁc capacity decays fast and falls around
only 50 mAh/g at the tenth cycle (Fig. 3.12 (a)). The reversible capacity of the
smaller particles is slightly greater with a similar trend.107 The diﬀerence plot
dQ/dV of the ﬁrst two cycles reported by Datta et al. highlights that three peaks,
corresponding to the redox reactions, at 0.18 V, 0.081 V and 0.033 V, are observed
at the ﬁrst sodiation (Fig. 3.12 (b)), whereas only a single peak at 0.035 V is visible
in the subsequent sodiation. Two sodiated intermediate phases have been bypassed
at the second sodiation. An unique peak centred at 0.17 V is observed at the
ﬁrst and second desodiations, suggesting the irreversibility of the reactions of pure
microcrystalline Sn powder.146 Post mortem Scanning Electron Microscopy (SEM)
analysis reveals an evolution of the morphology of the Sn particles between fresh and
cycled electrodes. The authors observe bigger Sn particles and conclude that the Sn
particles agglomerate upon cycling.146 Bigger particles suﬀer from higher stress due
to drastic volume changes upon cycling, which causes fractures and cracks of some
particles, followed by pulverisation, ending up into a loss of the electrical contact
with the current collector.
According to the community, ﬁve major issues arise for Sn electrodes. To some
extent, they can be extended to the other metal-based negative electrode materials
in room temperature Na cell:
1) the drastic volume change between sodiation and desodiation (∆V = 420 %),
2) the low conductivity of the Sn electrode,
3) the low Na ionic mobility in the solid state,
4) the aggregation of Sn particles upon cycling,
5) the instability of the SEI formed.
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Figure 3.12: (a) Speciﬁc capacity and cycling stability; and (b) diﬀerential capacity
vs. potential of commercial microsized Sn (44 µm) cycled at 50 mA/g in the potential
window 0.01-1.2 V vs. Na+/Na.146
Diﬀerent groups reported experiments to address one or another of these issues
and often combined strategies.
Reducing the particle size of Sn has been a suggested approach. Smaller particles
handle better the stress and strain associated with the drastic volume changes upon
cycling. Reducing the size also reduces the Na ionic path, leading to higher rate
capability. In addition, the ratio of Sn surface/volume increases. More surface area
is available to participate in electrochemical reactions. The drawback is a higher
surface exposed to electrolyte. Consequently, more electrolyte decomposes, resulting
into more SEI formation.
To enhance the electrochemical properties of Sn negative electrode material in
room temperature sodium cells, most reported experimental works combine several
strategies. Top-down146 and bottom-up147,66 syntheses of Sn are common approaches
to produce nanosized objects. In literature, Sn nanoparticles of various sizes down
to few nanometres,148,149,150,107,149,151,152,153,154 Sn thin ﬁlms with diﬀerent thick-
nesses,147,155 surface morphologies66 and microstructures,66 Sn nanoﬁbres,132 are de-
scribed.
When not tested on their own, these Sn materials are the main component
of a composite made, in most cases, of a conductive additive (often a carbona-
ceous material) and a polymeric binder. Electronic conductivity of the electrode
is increased with the addition of a metallic conductive compound, such as Ni156 or
Cu,157 or a carbon component, like amorphous carbons,148,153 carbon ﬁbres,150,154,158
CNTs, graphene sheets. The active material can also be embedded in a carbon ma-
trix151,152,159 and/or in a metallic matrix. Additionally, carbon coating of the active
material particles146 is also discussed to prevent their aggregation upon cycling and
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to modify the surface in contact with the electrolyte. The carbon matrix helps not
only to increase the electronic conductivity but also to relax the stress/strain asso-
ciated with the volume change during cycling via a buﬀering eﬀect. The polymeric
binder maintains the cohesion of the particles within the electrode. PVDF107,160
is often used as reference binder as it is the binder of choice in LiB technology.
Other polymers are reported such as CMC,160,151 PolyAcrylic Acid (PAA)107 or a
conductive binder such as poly(9,9-dioctylﬂuorene-co-ﬂuorene-co-methylbenzoic es-
ter)(PFM).160 Finally, many studies used FEC as electrolyte additive,107,160,66,132
which eﬀectively modiﬁes the interface between electrolyte and Sn-based electrode.
Even if, the use of an Al current collector150 is possible, most reported studies cycle
their negative electrode material with the traditional Cu current collector107,160,66,132
to utilise the higher electrical conductivity compared to Al.
Nam et al. published in 201466,161 two papers presenting the electrochemical results
of pure Sn electrodes with diﬀerent morphologies synthesised by electrodeposition of
Sn on a Cu current collector. The chosen synthesis method is easily scalable. With
the choice of speciﬁc precursors, the morphology of the deposited Sn is modulated.
With a Sn pyrophosphate bath, a thin layer composed of ﬁne grains, less than a
micron in size is deposited (L-Sn). With a Sn sulphate bath, the electrode is com-
posed of coarse and isolated few micron sized particles (P-Sn). With the addition
of an organic compound as growth modiﬁer, Sn nanoﬁbres grow, aligned parallel to
the surface of the Cu substrate. L-Sn electrodes cycle longer with a stable reversible
speciﬁc capacity of 607 mAh/g, with 98 % of the initial capacity, after 40 cycles
at a current rate of 50 mA/g in the potential window 0.001-0.65 V vs. Na+/Na.
Post mortem SEM analysis reveals that after 40 cycles, a porous layer is observed
which accommodates the volume changes. In the case of the P-Sn electrodes, post
mortem SEM images highlight that after 20 cycles Sn particles are detached from
the Cu current collector and the remaining ones have agglomerated. At sodiation,
the coarse particles expand in all directions, except the part in contact with the
substrate. On the contrary, at desodiation, the particles shrink in all directions,
resulting in the detachment of the active material and the pulverisation of the elec-
trode. As a consequence, the fast deterioration of the capacity upon cycling occurs,
with only 20 % of the initial capacity left after 10 cycles, being 125 mAh/g. The Sn
nanoﬁbres exhibit, in contrast, excellent electrochemical properties. At 84.7 mA/g,
these electrodes maintain reversibly 776 mAh/g after 100 cycles, corresponding to
about 95 % of the initial capacity (Fig. 3.13 (a)). Figure 3.13 (b) presents the rate
capability that the group reported for this electrode. Up to 1C, the Sn nanoﬁbre
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electrode delivers a high reversible capacity. At 5C, the reversible speciﬁc capacity
is still at around 275 mAh/g. The drop in capacity corresponds to the fact that
Na+ ions diﬀuse rather slow in the solid. The nanoﬁbres stay therefore partially
sodiated when high current rates are applied. In addition, after the high rate test,
the value of the speciﬁc capacity at low current rate (0.1C) is recovered, demon-
strating that the nanoﬁbres do not degrade when under a high current stress. SEM
images reveal that the morphology of the Sn nanoﬁbres is stable upon cycling. The
authors did not observed any cracks or fractures at the surface of the ﬁbres of the
cycled electrodes.161 The superior cyclability of the Sn nanoﬁbres is attributed to
the higher mechanical stability during cycling. Due to the ﬁbre shape, the volume
expansion and contraction which occur at sodiation and desodiation, respectively,
is anisotropic, comparable to the observation made by Cui et al. for Si electrodes.
The changes are greater in the radial direction which is more eﬃcient to cope with
the stress related to the volume changes of the Sn.
Figure 3.13: Performance between 0.001-0.65 V vs Na+/Na of Sn nanoﬁbres grown
aligned parallel to the Cu current collector. (a) Cycling stability at 0.1C ; (b) speciﬁc
capacities at diﬀerent current rates, from 0.1C to 5C back to 0.1C.161
Various Sn-carbon146,150,148,153,159,154 composites are suggested in literature to al-
leviate the issues of Sn electrodes. When the commercial microsized Sn particles are
subjected to high energy mechanical milling with graphite (weight ratio 7:3), Datta
and coworkers146 observed an improved cycling stability, when compared under the
same condition to the pure commercial microsized particles (Fig. 3.14 compared to
Fig. 3.12). The cycling stability is further enhanced if the milling time is extended
to 1h. Figure 3.14 presents the evolution of the stability of the speciﬁc capacity
depending on the ball milling time. The improvement of the cycle life results from
the enhancement of the interface quality between Sn and C, and from the particle
size reduction as the milling time increases.
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Figure 3.14: Speciﬁc capacity and cycling stability of ball-milled commercial micro-
sized Sn (44 µm) with graphite, cycled at 50 mA/g in the potential window 0.01-1.2
V vs. Na+/Na. (a) ball-milled for 5 min; (b) ball-milled for 1h.146
Vogt and coworkers150 recently published a systematic study highlighting the
importance of the electrode engineering on the electrochemical performances. The
authors150 compare the electrochemical behaviours of commercial nanosized and
microsized Sn powders as a function of the electrode composite. CMC is chosen
as binder, CB and VGCF as CA (weight ratio 70:12:18). Slurries are cast on Al
current collectors. The load of the active material on the electrodes is around 3
mg/cm2, suitable for full cell applications and much higher than other reports that
have a loading in the nano or micro range. With only CB as CA, the capacity is
stabilised for the electrodes composed with the nano-Sn particles compared to the
ones with micro-Sn particles, in agreement with other studies. The capacity of the
nano-Sn suddenly drops, while the one of the micro-Sn gradually fades. The nano-
Sn are characterised by a higher surface area, triggering more decomposition of the
electrolyte. Consequently, more SEI is formed. With every cycle, the SEI layer
is thickened. Its isolating character leads to the increase of the resistance across
the cell, which ﬁnally hinders cyclability. Bigger particles, on the contrary, suﬀer
from a higher stress induced by huge volume changes inherent to the (de)sodiation
of the Sn particles. Fractures and/or cracks of some particles may occur, resulting
into a loss of electrical contact of some particles with the electrical network, and
continuous pulverisation of the electrode materials. The deterioration of the integrity
of the electrode at each cycle leads to the constant fading of the capacity. They
demonstrate that replacing 50 % of CB with VGCF leads to the cycling stabilisation
of the microsized Sn based electrodes, while no improvement is observed for nano-
Sn particles. The carbon ﬁbres are able to bridge the micro-Sn particles and their
fractures, maintaining an electrical contact. The fractured particles partially stay
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connected to the conductive network and still participate to the reactions. With a
proper electrode engineering design, micro-Sn perform rather well, contrary to many
reports.
Liu et al.154 synthesised crystalline Sn nanodots (size 1-2 nm) homogeneously
dispersed and embedded in porous N-doped amorphous carbon nanoﬁbres by an
electrospinning technique followed by heat treatments. The ﬁbres create an inter-
linked three dimensional conductive network, where no additional binder nor current
collector are necessary. These free standing electrodes sustain a stable reversible ca-
pacity of about 480 mAh/g (per total mass of the electrode) for at least 1300 cycles
when cycled in 1 M NaClO4 in PC with 5 vol% FEC, at a high current rate of 2 A/g
in the potential window 0.01-2 V vs. Na+/Na. Even at a higher rate of 10 A/g,
a reversible capacity of 450 mAh/g is still available. The tolerance for fast Na+
uptake and removal is also excellent as the whole capacity at low current density is
recovered after high current rate tests (Fig. 3.15).
Figure 3.15: Rate capability of crystalline Sn nanodots embedded in amorphous
nanoﬁbres. Cells cycled in 1M NaClO4 in PC with 5 vol% FEC between 0.01-2 V
vs. Na+/Na. Capacities calculated based on the total mass of the free standing
electrode, Sn content is evaluated to 63 %.154
Two research groups, Komaba et al.107 and Dai et al.,160 have published a sys-
tematic study on the improvement of the cyclability of commercial Sn nanoparticles
(< 150 nm) by proper binder selection. Komaba and coworkers107 compare the cycle
life of Sn electrodes composed either with PVDF or PAA binders with CB as CA.
Slurries, weight ratio 8:1:1, are cast on Cu foil and the electrodes are cycled at room
temperature at a current rate of 50 mA/g. The longest lifespan and highest speciﬁc
capacity is obtained for the composite with PAA binder.107 With the addition of 2
vol% of FEC, the cells cycled in the potential window 0-0.8 V vs. Na+/Na sustain
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more than 20 cycles without a drastic capacity decay, stabilising around 500 mAh/g.
The authors mentioned that the electrode's surface is modiﬁed and the electrode's
mechanical strength is increased by the use of PAA binder. In the later study by
Dai's group,160 the electrochemical performance with either CMC or the conductive
binder PFM are compared to those with PVDF binder. The authors choose not
to use any conductive additive for the comparison. The tested composites are only
composed of commercial Sn nanoparticles dispersed into a polymer network cast
on a Cu foil current collector. GCPL tests are carried out at a current rate of 80
mA/g between 0.0001-0.8 V vs Na+/Na at 30°C with the addition of 30 vol% FEC.
The sample prepared with PVDF has, already after the ﬁrst cycle, a poor capacity
retention. The particles entirely coated with PVDF are not able to participate to
the reaction with Na+ ions as PVDF isolates.160 The authors also stress the poor
binding force of PVDF with its incapacity of reconnecting the Sn particles as they
shrink (at desodiation). As a result, most particles stay disconnected from each
other and electrons cannot conduct to the current collector. As a consequence, no
capacity is withdrawn from the material. The speciﬁc capacity and cyclability are
improved when CMC is used as a binder, due to the presence of carboxylic groups
which bond successfully onto the surface of the Sn particles via hydrogen bonds.160
The binding force is therefore stronger, maintaining the cohesion of the electrode as
the volume of the Sn particles is changing with successive sodiations and desodia-
tions. As for PVDF, CMC electrically isolates the Sn particles. Consequently, these
isolated particles will not participate in the capacity as they cannot be sodiated. The
authors present the advantage of using a conductive binder, such as PFM.160 The
isolated Sn particles are still electrically connected to the polymer network due to
the presence of carbonyl groups of the PFM. In addition, the other functional group
of PFM, methylbenzoic ester, is responsible for an improvement of the mechanical
binding force. As a consequence, more capacity is extracted while maintaining the
cohesion of the electrode upon cycling. A stable reversible capacity of 620 mAh/g
for at least 10 cycles is reported for these Sn/PFM electrodes. The results of these
three systems are reproduced on Figure 3.16.
To enhance the electrochemical properties of Sn, few groups suggest to alloy
Sn with another metal M, that is electrochemically inactive in a Na cell at room
temperature. Typically, Sn-Co,162 Sn-Cu157,163,164 and Sn-Ni156 intermetallics are
described in literature. The intermetallic is converted at the ﬁrst cycle to a composite
Sn/M, where the primary role of M is as mechanical buﬀer to accommodate the
volume changes of Sn. As Sn reacts with Na+ ions, the conductivity of the electrode
is improved with the presence of the metallic matrix while it absorbs the stress
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Figure 3.16: Reversible speciﬁc capacities vs. cycle number of commercial Sn
nanoparticles powder with various binder networks. GCPL tests run at a current
rate of 80 mA/g in the potential window 0.0001-0.8 V vs Na+/Na.160
induced by the volume changes of the Sn particles. In addition, the metallic matrix
limits the aggregation of Sn nanoparticles.
The ﬁrst report of an active/inactive Sn compound used for NiB was published by
Ellis et al. in 2013.162 The authors based their experimental work on previous studies
on Sn-Co-C compounds for LiB,165,166,167 which was found to be CoSn alloy grains in
a matrix of disordered carbon. A Sn-Co alloy embedded in a carbon matrix negative
electrode material was commercialised by Sony in 2005 within the Nexelion LiB. Ball
milling is used to prepare a set of (Sn0.5Co0.5)1−xCx powders.162 The electrochemical
properties of AM:PAA slurry electrodes (weight ratio 9:1) are investigated in the
potential window 0.005-1.2 V vs. Na+/Na at a current rate of C/25. The electrodes
demonstrate a low speciﬁc capacity and poor capacity retention. The authors report
that the sodiation kinetics are slow in the compounds.162 The limiting Na diﬀusion
process is reported to be the migration of Na+ ions within the Sn-Co grains.
Electrodes composed of Sn0.9Cu0.1 nanoparticles (around 100 nm), containing
crystalline Sn and Cu6Sn5, CMC and CB, demonstrate a stable reversible capacity
of 430 mAh/g for 100 cycles.157 The authors associate the improvement of the
performances to the higher melting point of the Cu6Sn5 phase compared to pure Sn,
which suppresses the electrochemical aggregation of the particles upon cycling. The
addition of Cu reduces also the interfacial charge transfer resistance. The electrodes
can therefore be cycled at higher rate without damaging the electrodes upon cycling.
A set of (Cu6Sn5)1−xCx compounds was prepared by a combinatorial sputtering
technique by Thorne et al.163 The capacity decreases while the capacity retention
increases with the increase of carbon content in the compounds. The highest ca-
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pacity is obtained for the lowest carbon content (x = 0.15) with around 325 mAh/g
maintained for about 25 cycles before the capacity fades.
SnCu compound ﬁlms were prepared by annealing tin-coated copper foils at 463
K for 045h by Yamamoto and coworkers.164 Their chargingdischarging behaviours
were investigated in an inorganic ionic liquid at 363 K. They found that the ﬁlms
without a β-Sn phase exhibit much smaller capacities than those containing this
phase. The electrodes annealed for 4h could sustain a reversible speciﬁc capacity
of about 100 mAh/g for more than 1000 cycles at a rate of 84.7 mA/g. SEM
images of the ﬁlm after the cycling test do not reveal any physical deterioration.
The strain generated by the active Sn phase regions upon cycling is successfully
absorbed by the less active regions preventing the pulverisation of the Sn particles
and the delamination of the ﬁlm. They report that Cu6Sn5 slightly reacts with
sodium, while the phase Cu3Sn is almost inactive.
Liu et al.156 propose highly porous Ni3Sn2 microcages composed of tiny nanopar-
ticles synthesised by a solvothermal route. Tested electrodes are composed of 70 wt%
of intermetallic active material, 10 wt% PVDF and 20 wt% CB. Their electrodes
present a good rate capability and a good capacity retention (reversible speciﬁc ca-
pacity of 350 mAh/g maintained for 300 cycles at 1C) due to the short ion diﬀusion
distances, high contact surface area, enhanced electronic conductivity and mechani-
cal buﬀer from the Ni matrix. At the ﬁrst sodiation, the intermetallic is decomposed
forming the Ni matrix, while Sn is alloyed and desalloyed with Na.
Other groups suggest to improve the cyclability of Sn electrodes by the intro-
duction of a chalcogenide element X (X = Se or S). At the ﬁrst cycle, the compound
decomposes and forms a Na2X matrix, which is typically not electro-active in the
potential window chosen. Sn non-metallic compounds (SnO2, SnP, SnSe....) are
described in detail in reference [91].
Further engineered electrodes168,169,170 have been reported with a complex hier-
archical design (often based on biomimetism). Zhu et al.168 electrodeposited a Sn
ﬁlm (around 50 nm thick) on a carbon-coated wood ﬁbre substrate, which plays both
roles of current collector and electrolyte reservoir. The mechanical stress induced
by the volume changes is absorbed by the deformation of the cellulose ﬁbres. Post
mortem SEM analyses of cycled electrodes reveal the formation of wrinkled struc-
tures along the long length of the ﬁbres. The cellulose ﬁbres provide an additional
pathway for Na+ ion delivery as Na+ ions transfer also from the porous structure
of the ﬁbres to the Sn ﬁlm. Compared to Sn thin ﬁlms deposited on a Cu current
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collector, the authors report168 an extended cycle life up to 400 cycles with a speciﬁc
capacity of around 150 mAh/g at a current rate of 84 mA/g.
Cheng et al.170 prepared via a simple solution based reduction reaction tech-
nique hollow Sn nanostructures composed of self-assembled 5 nm Sn nanoparticles.
Composite electrodes of Sn:CB:PVDF (80:10:10 wt%) are cycled at 20 mA/g in the
potential window 0-2 V vs. Na+/Na. The capacity retention and the rate capability
of the hollow Sn nanostructures are enhanced due to the higher available surface
area, compared to non-hollow Sn structures.170 An increase of the charge trans-
fer impedance with cycling is recorded for the non-hollow and TEM observations
support that the hollow structure is maintained during cycling.
Liu and coworkers171 proposed as a 3D Sn electrode, a forest of Sn nanorods ver-
tically aligned, through self-assembly, on a metallic substrate. These rods, with a
unique core-shell structure, were synthesised on genetically engineered viral scaﬀolds.
Each rod is composed of a Sn thin ﬁlm of nanoparticles of about 20 nm deposited by
physical vapour deposition onto a Ni sublayer (Fig. 3.17 (a)). A thin layer of car-
bon is coated onto the Sn ﬁlm. The Ni sublayer ensures high electronic conductivity,
while the carbon layer prevents Sn aggregation upon cycling. The electrodes demon-
strate a high reversible speciﬁc capacity of around 720 mAh/g at the ﬁrst cycle, with
a irreversible capacity loss at the ﬁrst cycle of about 20 %.171 The capacity slowly
decays upon further cycling. However, the electrodes still retain around 400 mAh/g
after 150 cycles, as reported on Figure 3.17 (b). The authors suppose that the inter-
digital spaces formed between individual rods eﬀectively accommodate the volume
expansion and contraction of the alloy upon sodiation/desodiation, while additional
carbon coating engineered over these nanorods further suppresses Sn aggregation
during extended electrochemical cycling.171
Figure 3.17: (a) Schematic illustration of 3D nanoforest Sn electrode and; (b) cycling
performances in 1 M NaClO4 in ethylene carbonate/diethyl carbonate (EC/DEC,
1:1 by vol%) at 50 mA/g in the potential window 0.05-1.5 V vs. Na+/Na.171
72 CHAPTER 3. ROOM TEMPERATURE NA-ION BATTERIES
According to the published results, a consensus among the community seems to
bring in light that nanosizing Sn is an eﬀective approach to address the issues of
volume changes and of the low Na+ diﬀusion kinetics at solid state. Most of the great
achievements are obtained with a low loading of material at the negative electrode
side, which is unsuitable for large scale energy storage. Once the electrode loading
is high (> 3.5 mg/cm2 of active material), Vogt et al.150 found that the cycling
stability of nanometre particles is limited due to their high surface area exposed to
the electrolyte. For micrometre particles, in contrast, the capacity is stabilised with
a proper electrode engineering.
Alloying/desalloying mechanism of Sn All reports mention that the poten-
tial proﬁle shape at the ﬁrst sodiation is diﬀerent than the subsequent sodiations,
indication of the restructuring of the active material and a change in the reaction
paths. The enhancement of the performances of the Sn electrodes through the
above mentioned strategies is tightly connected to the sustainability in length and
number of the potential plateaus recorded during sodiation and desodiation, and
therefore to the sustainability of the sequential reaction chain of (de)sodiation of
Sn. Few groups investigate, in greater detail, the sequence of sodiation and des-
odiation of Sn electrodes.147,155,149,66,172,173,174 Ex situ and in situ XRD analyses
are frequently used techniques to investigate the phases forming at diﬀerent sodia-
tion/desodiation stages. Experimental data are supported by computational stud-
ies.68,147,175 In the last years, progress has been made towards the understanding
of the Na storage mechanism in Sn electrodes. Still some questions are unanswered
and the (de)sodiation sequences are still under discussion in the community. Typical
potential proﬁles, theoretically and experimentally, of Sn electrodes are reproduced
on Figure 3.18.
Baggetto and coworkers describe in detail the storage mechanism of sputtered
Sn thin ﬁlms. At low current rate, Na storage is reported to happen in four steps,
reﬂected in the potential proﬁle by four distinct voltage plateaus at 0.45-0.41, 0.18-
0.15, 0.08-0.06, and 0.03-0.01 V vs. Na+/Na at the initial sodiation.147 The plateaus
shift of higher potentials around 0.15, 0.28, 0.55, and 0.63 V vs. Na+/Na at the ﬁrst
desodiation. These plateaus slightly shift to higher potential with further cycling.
This observation is the evidence that the reactions are not completely reversible
and slight damage occur over time until, ﬁnally, the electrodes pulverise and the
capacity fades. This assumption is even more accentuated by the reduction of the
plateaus length over time, observed by other groups. It clearly indicates the in-
creasing diﬃculties of alloying/desalloying reactions of Na with Sn. The reaction
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Figure 3.18: (a) Predicted potential curves resulting from DFT calculation68 ; (b)
typical experimental potential proﬁles. Here: ﬁrst cycle of a micro-weighted sput-
tered Sn ﬁlm. GCPL test performed at C/70 (12.1 mA/g) at sodiation and C/130
(6.5 mA/g) at desodiation in the potential window 0.005-2 V vs. Na+/Na.174
path changes and not all reaction intermediates are reached. The strong overpoten-
tial/hysteresis between sodiation and desodiation indicates that Na kinetics into the
Sn host structure is slow to diﬀuse.
Thermodynamically, nine Na-Sn intermetallics form at room temperature, namely
NaSn5, NaSn4, Na5Sn13, NaSn2, Na7Sn12, β(NaSn), Na9Sn4, Na3Sn and Na15Sn4, in-
creasing the Na content into Sn, according to the binary phase diagram,176 reported
in Figure B.16 (b). Electrochemically, DFT calculations predict the formation of
the following phases NaSn5, NaSn, Na9Sn4 and Na15Sn4 with the respective reac-
tion potentials 0.7, 0.45, 0.15 and 0.1 V vs. Na+/Na (Fig. 3.18 (a)).68 However,
only the highest sodiated phase, the intermetallic Na15Sn4, has been identiﬁed mul-
tiple times as end product at full sodiation, observed at room temperature in a
carbonate-based electrolyte161,174 but also at higher temperatures using an ionic liq-
uid as electrolyte.172 Electrochemically prepared alloys may be metastable when the
reaction inside the cell is kinetically driven. The composition and crystal structures
of these alloys may be diﬀerent than the thermodynamically stable ones, reported
in the binary phase diagrams.
According to the plateaus' length, which corresponds to a speciﬁc amount of ca-
pacity, the amount of inserted or extracted Na+ ions is deduced and the formation of
intermediate species is predicted. Ex situ XRD and in situ synchrotron experiments
deny the formation of the thermodynamically stable crystallised phases predicted
by the DFT calculation.68
In their latest study, Baggetto et al. reinvestigated the alloys formed electro-
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chemically using XRD, 119Sn Moessbauer spectroscopy, and X-ray absorption spec-
troscopies. They compare the results to similar alloys synthesised by a solid state
approach (alloys close to thermodynamic equilibrium). They suggest the following
mechanism, corresponding to the potential proﬁle on Figure 3.18 (b).174
At sodiation (c corresponds to a crystallised phase ; a to an amorphous phase),
forming at the respective potentials 0.2 V, 0.12 V, 0.06 V and 0 V vs. Na+/Na :
β(Sn)→ c −Na0.6Sn→ a −Na1.2Sn→ c −Na7Sn3 → c −Na15Sn4 (3.6)
At desodiation, forming at the respective potentials 0.2 V, 0.4 V, 0.6 V and 2 V
vs. Na+/Na :
c −Na15Sn4 → c −Na7Sn3 → a −Na1.2Sn→ a −NaxSn + β(Sn)→ β(Sn) (3.7)
The plateau near 0.45 V corresponds to Sn consumption resulting into a crys-
talline phase of unknown crystal structure, with a composition of about Na0.6Sn near
0.2 V. The insertion of more Na+ ions into the Sn electrode leads to a plateau near
0.2 V, that corresponds to the formation of an amorphous/nanocrystalline phase
with a composition close to Na1.2Sn at 0.12 V. With further sodiation, a crystalline
phase is formed with the composition Na7Sn3 at 0.06 V, recently indexed in a rhom-
bohedral cell (R3¯m space group No. 166). The full sodiation to 0 V corresponds
to the formation of the cubic phase Na15Sn4 (I 4¯3d space group No. 220). At des-
odiation, Na7Sn3 is completely formed at 0.2 V, followed by the formation of an
amorphous phase at 0.4 V with a composition close to Na1.2Sn. As desodiation
proceeds, also reported in ref [66], an amorphous sodium-poor Sn phase and a small
quantity of metallic Sn are detected at 0.6 V, which grows at higher potentials. At
full desodiation at 2 V, metallic β(Sn) is formed.
The conjugated phase during charging of the unidentiﬁed crystalline phase, re-
ported with an electrochemical composition of about Na0.6Sn around 0.2 V (sodia-
tion), is not observed. Instead, an amorphous phase is reported at 0.6 V (desodia-
tion). Unidentiﬁed compounds are still unresolved or under investigation. The last
reaction intermediate Na7Sn3 is still under discussion. In their study, Du and cowork-
ers173 report that the phase Na4Sn4 crystallises instead of the Na1.2Sn reported by
others. In addition, they identify Na5Sn2 as intermediate crystalline phase instead
of Na7Sn3. This result is conﬁrmed by the reﬁnement of the XRD pattern using
Li5Sn2 as crystal structure model. The disagreement is slight as both phases are,
in fact, very close in term of chemical composition and isostructural, making them
hard to be easily distinguished.
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Wang et al.149 have followed the sodiation process of a Sn nanoparticle via TEM
using Na2O as solid electrolyte. In their conﬁguration, sodiation proceeds via a
propagation of a clear border between a highly sodiated phase and a poor sodiated
phase. Their model is in phase with the observation of Baggetto et al.174 as they
report the mixture of a sodiated phase with Sn phase at around 0.6 V at desodiation.
A schematic representation of the sodiation mechanism is displayed on Figure 3.19.
Figure 3.19: Sn storage mechanism model deduced from in situ transmission electron
microscopy experiment.149
Liu et al.171 hypothesise from their TEM observations of cycled electrodes, that
the disappearance of plateaus may partially be associated with some Sn becoming
amorphous upon cycling. All these various studies converge to the fact that the
reaction pathway of Sn electrodes in a sodium cell is diﬀerent than in a lithium
cell. Very recently, Wang and coworkers177 found an unusual (de)sodiation equilib-
rium during multi-electrochemical cycles of Sn electrodes in NiB, compared to Sn
electrodes cycled in LiB by following the three-dimensional structural and chemical
evolutions of Sn electrodes with in situ synchrotron hard X-ray nanotomography. A
superior structural reversibility during 10 electrochemical cycles and a signiﬁcantly
diﬀerent morphological changes are reported for the Sn electrode cycled in Na cells.
The authors highlight the potential of NiB over their lithium counterparts.
To sum up, Sn-based electrodes do not perform as well as they could. To be
implemented in commercial cells, research on Sn electrodes must be pushed forward
to take over the remaining challenges. However, fast progress, on the enhancement
of the performances and on the understanding of the failure mechanism, has been
made in the last couple of years.
The case of Tin-Antimony electrodes
Regarding the superior electrochemical properties of Sn and Sb electrodes, the re-
search community gives a particular attention to the intermetallic SnSb as negative
electrode material. Based on the formation of Na3Sb and Na15Sn4, the theoretical
maximum capacity for Na storage in SnSb is 752 mAh/g. Several groups report
outstanding storage properties, which are reported in the following.
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Xiao et al.178 were ﬁrst to propose the intermetallic SnSb as potential negative
electrode material for room temperature NiB. Commercial Sn and Sb powders were
ball-milled together with CB for 8h in a weight ratio metal:carbon of 7:3, resulting
in a pure and single phase SnSb according to their XRD analysis. Slurries consisting
of 80 wt% SnSb/C, 10 wt% CB and 10 wt% CMC were prepared and the electrodes
were tested at a current density of 100 mA/g in an electrolyte composed of 1M
NaClO4 dissolved in EC:DMC in the potential window 0-1.2 V vs. Na+/Na. The
electrodes demonstrate a high reversible initial capacity of about 540 mAh/g with
good cyclability. In fact, after 50 cycles, 80 % of the initial reversible capacity
remains (Fig. 3.20 (a)). However, the CE at the ﬁrst cycle is reported to be around
74 %, indicating a large ﬁrst cycle irreversible capacity loss. The authors178 report
a rate capability with a discharge capacity of 270 mAh/g at a high current rate of
1 A/g as seen on the graph in Figure 3.20 (b). When the rate resets to 100 mA/g,
the electrodes retain about 80 % of their original capacity, indicating the rather
good tolerance to fast uptake and removal of Na+ ions into the active material.
Figure 3.20: (a) Cycling performance of ball-milled SnSb/C at a current rate of
100 mA/g; and (b) rate capability. Cells cycled between 0-1.2 V vs. Na+/Na in an
FEC-free electrolyte.178
Darwiche et al.179 extend the cycle life of SnSb electrodes to 200 cycles, whose
active material is synthesised by a short ball milling of commercial Sn and Sb pow-
ders. The improvement of the lifespan occurs, when the electrodes, composed with
CMC binder and VCGF, are cycled in FEC-containing electrolyte. Ji et al. propose
a comparative study of SnSb nanoparticles encapsulated into porous carbon nanoﬁ-
bres to understand the positive eﬀect of FEC addition into the electrolyte.180 When
FEC is added, they prove the formation of a thin, chemically/mechanically stable
and structurally compact SEI ﬁlm, that stabilises the electrodes and improves the
migration kinetics of Na+ ions. As a consequence, performances of SnSb are en-
hanced: high reversible speciﬁc capacity of 350 mAh/g, excellent capacity retention
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of 99.7 % for 200 cycles and high rate capability (reversible capacity of about 110
mAh/g at a current rate of 10 A/g). In contrast, fast capacity fading is reported
for the SnSb electrodes cycled in a FEC-free electrolyte.180
Walter and coworkers181 suggest a simple and inexpensive colloidal synthesis of
SnSb nanocrystals (10-30 nm in size) by using metal chlorides as precursors and
sodium borohydride as reducing agent. Their electrodes, prepared with CMC (15
wt%) and CB (21 wt%), exhibit at 200 mA/g a stable reversible capacity above
500 mAh/g for at least 100 cycles. At high current rate (5 A/g), a stable reversible
speciﬁc capacity of 380 mAh/g with only about 5 % capacity loss over 100 cycles
is obtained. The authors report also full cell results proving the viability of using
the intermetallic SnSb as negative electrode material. The performances of the full
cell are stable over 60 cycles with an anodic capacity close to 400 mAh/g and an
average discharge voltage of 2.7 V. Yet, the irreversible capacity loss at the ﬁrst cycle
is about 40 %, indicating that the Na-based cathode in the full cell setup has to be
in excess to provide enough Na+ to react with SnSb negative electrode material.
Figure 3.21: Selected in situ XRD patterns for the two ﬁrst cycles with the corre-
sponding potential proﬁle of ball-milled SnSb tested in a sodium cell.179
The exact sodiation and desodiation mechanisms of SnSb electrodes in Na cells
is not fully understood. In an early work, Xiao et al.178 propose that the sodiation
mechanism of SnSb electrodes occurs in two steps. Na3Sb is formed while elemental
Sn serves as buﬀer, which is then sodiated by further Na+ uptake up to the full
sodiation of Sn into Na15Sn4. The authors hypothesise that the reaction sequence
of SnSb intermetallic is similar to the one happening in a Li cell. However, later
published results, collecting data on the understanding of the SnSb sodiation and
desodiation mechanisms, suggest that it does not occur in analogy to the Li sys-
tem.179,182 In the publication of Darwiche and coworkers, it is stressed out that the
mechanisms are not a simple combination of the separate processes taking place in
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sodiation/desodiation of pure Sb and Sn electrodes. Synergistic eﬀects between Sb
and Sn may be responsible for the great performance.179 The mechanical stress may
be smoothed somehow with the sodiation and desodiation of Sn and Sb occurring
at diﬀerent potentials. In addition, according to in situ XRD analyses, they report,
in agreement with Baggetto's report,182 that an amorphous phase Na3Sb is formed
during sodiation and that there is no evidence of any formation of crystalline phases,
especially the reformation of the crystalline phase SnSb at the end of desodiation
(Fig. 3.21). The ﬁrst and second sodiations of SnSb electrodes take another reac-
tion path, consistent with the CV data and the potential proﬁle data published by
the other research groups.178,179 The shape of the curves is diﬀerent at the ﬁrst and
second sodiations. Figure 3.22 reproduced typical electrochemical responses of SnSb
electrodes. Additional information on the mechanism was published by Baggetto et
al.,182 resulting from a combination of XRD and Mössbauer techniques on sputtered
SnSb thin ﬁlms. Amorphous products are formed during the sodiation reaction of
SnSb with the simultaneous formation of Na-coordinated Sn and Sb environments.
The Sn environment is not fully sodiated at the end of sodiation, suggesting that
amorphous Na15Sn4 is not produced. The theoretical capacity is therefore not ex-
perimentally reached.
Figure 3.22: Electrochemical characteristics of SnSb nanocrystals: (a) cyclic voltam-
mogram using a scan rate of 0.1 mV/s ; (b) selected potential proﬁles at a current
rate of 200 mA/g. Electrodes cycled in 1 M NaClO4 in PC with 10 % FEC in the
potential window 0.005-2 V vs. Na+/Na.181
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3.4.6 Negative electrode material: Conditions for candidates
for Na cells as stationary energy storage devices
In order to be successfully implemented into commercial devices for stationary en-
ergy storage, a generic list of properties needed for a NiB negative electrode material
includes:
(i) electrochemically reacting with Na+ ions at room temperature or near room
temperature,
(ii) high reversible speciﬁc volumetric/gravimetric capacities - possibility of stor-
ing a high amount of energy within the chosen material,
(iii) low reaction potentials - as close as possible to 0 V vs. Na+/Na to develop
high energy density devices,
(iv) high cyclability - the capacity should remain stable upon cycling, indicating
that the electrode is not degrading,
(v) high Coulombic eﬃciency - the interface electrode/electrolyte is stable as well
as the electrode,
(vi) high rate capability - to inject or extract fast electrical energy when the
material is employed in devices for power applications,
(vii) it would be proﬁtable if these superior properties are demonstrated in a
water-based electrolyte - alleviating issues induced by the use of organic-based elec-
trolytes (toxicity, high costs, ﬂammability).
In addition to these operational requirements, the material of choice needs to
meet other practical criteria:
(ix) it must have a low toxicity and must satisfy other measures to limit envi-
ronmental hazard - low ﬂammable corrosive material,
(x) it must be based on sustainable chemistries  composed of abundant elements
and produced with low impact synthesis process in terms of energy consumed, pol-
lution, etc.,
(xi) low total costs must be reached, materials and production - cheap precursors,
cheap synthesis method, cheap electrode processing,
(xii) it would be a beneﬁt if the material is easily recyclable with already well
developed recycling technologies.




Figure 4.1: The Secret Life of the Battery: Explored Step by Step, Science/AAAS
Dance Your Ph.D. contest 2015.183
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Chapter 3 reviewed the negative electrode materials investigated for room tem-
perature NiB. Metallic negative electrodes oﬀer the potential to develop high storage
capacity NiB. Combined to a high capacity positive electrode material, next gen-
eration of high energy density devices may be built. Eﬀorts have been devoted
to enhancing the electrochemical properties of metallic negative electrodes, espe-
cially lifespan, principal issue associated with the drastic volume changes of the
active material at sodiation and desodiation, leading to mechanical degradation of
the electrode and therefore to capacity fading. Several strategies have been pro-
posed to improve the cycle life of these materials, including particle size reduction,
special nanostructured designs, addition of buﬀer components. However, these sug-
gested materials are still not satisfactory for practical use in terms of gravimet-
ric/volumetric energy densities, their cycling stability, their rate capability and the
fabrication costs. From a large scale application point of view, materials with low
fabrication costs and high volumetric energy density should be favoured. In other
words, bulk metallic negative electrode materials should be preferred to reach low
fabrication costs and high volumetric energy density. Therefore, it is still of both
scientiﬁc interest and practical importance to develop new strategies for mitigating
the intrinsic pulverisation of bulk metallic electrodes upon cycling.
Presodiating bulk metallic negative electrode materials prior to electrochemical
testing is the strategy proposed in this experimental research work to mitigate the
drastic volume changes consecutive to (de)sodiation processes. It is the ﬁrst time
that this approach is tested for bulk metallic negative electrode materials for NiB.
This approach was already suggested for carbon and silicon negative electrode
materials for LiB. Several papers184,185,186,187 and patents188,189 have been published,
reporting the enhancement of the electrochemical properties, validating this strat-
egy. The authors observed an extended cycle life and the reduction of the ﬁrst cycle
irreversible capacity loss (and therefore an enhancement of the CE at ﬁrst cycle)
of these prelithiated electrodes when compared to the non-prelithiated ones. With
the help of a computational study, Chang and coworkers190 proved that the im-
provement of the cycling performances of prelithiated Si are related to a decrease in
mechanical moduli (elastic and shear) in the prelithiated Si structure. The authors
provide evidences that the migration barrier of Li+ ions in prelithiated Si is smaller
than in non-prelithiated Si.190 The Li+ ion diﬀusivity in the prelithiated Si is there-
fore easier. Various prelithiation methods are reported in the literature, including
SLMP (stabilised lithium metal powder),191,185,186 self discharge mechanism192,184
or discharging the electrode in a half Li cell.
Additionally, in a full cell conﬁguration, Na+ ions have to be provided to the sys-
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tem by the positive and/or the negative electrode materials. Developing presodiated
metallic negative electrode materials also serves for more ﬂexibility. The presodiated
negative electrodes can be paired with non-presodiated positive electrode materials
such as sulphur to build room temperature sodium-sulphur batteries. In another
embodiment, both electrodes can be partially sodiated, reducing the need of extra
loading at the cathode side to compensate the ﬁrst cycle capacity loss due to the
consumption of a certain amount of Na+ ions to build the SEI layer at the anode
side. Conventionally, a large amount of additional cathode material is needed to
reduce the ions' losses at the ﬁrst cycle, resulting in a decrease of the amount of
energy able to be stored in the battery (reduces appreciably the energy density of
the entire battery).
This chapter presents various outcomes of my research work, mainly from elec-
trochemical and structural analyses. They are presented, evaluated and discussed
in the frame of sodium-based electrochemical energy storage systems.
Firstly, syntheses to prepare Na-Sb-Sn-based negative electrode materials are
described. The methods used are simple, cost eﬀective and easy-to-scale-up. Pre-
sodiation was obtained either by fusion or ball milling of the elements. Through
out the work, powder X-Ray Diﬀraction (XRD) technique was applied to identify
the phases contained in the synthesised powders and with the help of the Rietveld
method, the patterns were simulated to extract structural information. Scanning
Electron Microscopy (SEM) was used to observe the shape and the size of the par-
ticles.
Secondly, the proposed strategy is tested for Sn-Sb-based bulk metallic elec-
trodes. The electrochemical responses of presodiated bulk Sn, Sb and SnSb elec-
trodes are compared to the non-presodiated bulk powders to evaluate the suggested
approach.
The third part of this chapter reports the electrochemical sodium storage be-
haviours of presodiated metallic electrodes as no information is published in litera-
ture to the best of my knowledge. The electrochemical characteristics and perfor-
mances, such as speciﬁc capacity, lifespan, rate capability of presodiated powders,
are presented, based on the results from Cyclic Voltammetry (CV) and Galvanos-
tatic Cycling with Potential Limitation (GCPL).
The fourth part describes the results of structural changes of the electrode ma-
terial upon cycling. Collected data give clues about the sodiation and desodiation
mechanisms of the Na-Sb-Sn-based active materials. These changes were followed
by a set of ex situ XRD and in situ synchrotron experiments.
Finally, unidentiﬁed phases have arisen from the structural analyses of the syn-
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thesised presodiated powders. The last part of this chapter is therefore dedicated
to the assessment of the ternary phase diagram Na-Sb-Sn at room temperature.
Potential candidate phases have been proposed. Up to now, the information on this
diagram is limited to two papers devoted to two ternary phases, to the description
of the binary phase diagrams Na-Sb, Na-Sn and Sn-Sb and to the experimental data
collected during my experimental work. The results presented were obtained in col-
laboration with Dr. Liya Dreval by a combination of Density Functional Theory
(DFT) calculations, CALculation of PHase Diagrams (CALPHAD) method, com-
parison to neighbouring systems (Li-Sb-Sn and K-Sb-Sn systems) and the use of
indexation programs such as Dicvol and Treor. Figure 4.2 schematically summarises
the chapter.
Figure 4.2: Content of Chapter 4.
4.1 Active material powders
Powders with various compositions of the elements Na-Sn-Sb were synthesised.
Their electrochemical responses as a negative electrode material in a room tempera-
ture sodium electrochemical cell in liquid-based electrolyte as well as their morphol-
ogy, their structure and possible impurities were characterised. The terminology
"active material" (AM) is employed to describe the sodium electroactivity of the
synthesised powders, i.e they store and release capacity by storing and releasing
Na+ ions in/from their structure.
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4.1.1 Materials' synthesis
To synthesise the materials, two simple and easy-to-scale-up synthesis routes, fu-
sion and ball milling, were selected in order to obtain morphological and structural
diﬀerences of a same composition. Further heat treatments were carried out to en-
sure a better crystallisation. Samples with the desired nominal compositions were
synthesised in a H2O/O2 controlled argon glovebox (Fig. 4.3 (a')) by melting the
stoichiometric amounts of Na (3N5, ABCR), Sn drops (5N, Chempur) and Sb pieces
(6N, Chempur) in an induction coil (Fig. 4.3 (b)) (HF-Generator True Heat, Hüt-
tinger Elektronik) for about 1 min at around 1000°C. The elements were contained in
a tantalum tube, which were sealed by arc melter (Mini Arc Melting System MAM-
1, Edmund Bühler), pictured on Figure 4.3 (a). The melted ingots were crushed
into powder using a mortar and pestle for analyses or tests.
Figure 4.3: Powder syntheses in a glovebox (a'): (a) arc melter with tantalum tubes,
and (b) induction coil.
Figure 4.4 (a) illustrates, graphically, the diﬀerent nominal compositions pre-
pared for this work. The compositions are reported in atomic percent of Na, Sn and
Sb. Three sets of powders were prepared, denominated A, B and C. Their synthesis
routes are schematically summarised in Figure 4.4 (b).
Powders A were prepared by a further heat treatment of the melted ingots con-
tained in the Ta tube. The cooling rate was controlled to ensure a well crystallised
powder. Three annealing temperatures (300°C, 500°C and 700°C) and two annealing
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(a) (b)
Figure 4.4: (a) Nominal compositions in at% of the synthesised Na-Sn-Sb powders,
(b) schematic summary of the chosen synthesis routes.
durations (2h and 2 days) were chosen. The annealing time was set rather short to
limit the possible reaction between the reaction vessel and the powder as Ta forms
stable intermetallics with Sn and Sb.106 As Ta also reacts with oxygen when the
temperature increases, the heat treatments were carried out in a furnace under an
argon ﬂow.
Figure 4.5: Synthesis of ball-
milled powders. Planetary ball
mill and a silicon nitride vial re-
action vessel.
Powders B were synthesised by ball milling
the precursor powders. 80 ml silicon nitride vials
containing 25 silicon nitride balls of 10 mm in di-
ameter were used as reaction vessel and closed
under argon atmosphere. Various powder to
balls ratios were tested. Ball milling was car-
ried out with a planetary ball mill (Pulverisette
7, Fritsch), pictured on Figure 4.5 for diﬀer-
ent milling times (from 1h to 30h of eﬀective
milling) and diﬀerent milling speeds (450 rpm
and 750 rpm). Reversed milling was set every
15 min after 15 min break to cool down the vials.
For powders C, selected ball-milled samples
B were further annealed to release the stress in-
duced by the ball milling process. Two annealing
temperatures (300°C and 500°C) and two anneal-
ing times (2h and 2 days) were chosen.
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Sodium-based powders are air sensitive as observed previously by Eisenmann et
al.,193,194 who isolated two ternary phases, Na8Sb4Sn and Na5Sb3Sn. Their reactiv-
ity increases with Na content. On the contrary to Eisenmann's observations, the
powders synthesised for this study are only moderately air sensitive and do not show
strong exothermic reaction with air contact. Further handling for samples' charac-
terisation and cells' testing were carried out in an argon glovebox with H2O/O2
concentration less than 1 ppm. Most ternary compositions result in a shiny-metallic
powder as reported elsewhere.193,194 Qualitative observations suggest that powders
with high Sn content have a high ductility as the samples extracted from the Ta
tube were diﬃcult to crush down to powder with the mortar and pestle.




To investigate the composition of a powder and its possible metal impurities, such as
Ta or Si from the synthesis containers, Inductively Coupled Plasma Optical Emis-
sion Spectroscopy (ICP-OES) was carried out on a Iris Intrepid II, Thermo Sci-
entiﬁc. Prior to measurements, the powder was dissolved in a mixture of diluted
HNO3/HF at 190°C. For non-metallic impurities, a Carrier Gas Hot Extraction anal-
ysis (CGHE) was performed on a LECO CH 600 analyser to determine the O, H
and N contents present in the powders.
The results of the elemental chemical analyses of the synthesised powders are
reported in appendix B.1. The compositions acquired by ICP-OES are in good
agreement with the nominal compositions. Partial reaction with the Ta vessel was
identiﬁed but most powders contain less than 1 at% of Ta. All other transition
metal impurities were in the sensitivity limit of the instrument. The non-metallic
contamination in the synthesised powders is limited to a maximum of 2 wt%.
Scanning electron microscopy
The morphology of the powders was observed by SEM. SEM images were taken
using a Leo 1530 Gemini electron microscope (Zeiss/Leo) equipped with an In-lens
detector. The ﬁeld emission gun acceleration voltage was set to 20 kV. Ground
samples on carbon pads were transferred directly from an argon glovebox into the
SEM chamber. No further treatment was carried out before SEM analysis. The
particle sizes and shapes of the prepared powders were visualised.
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Powder X-ray diﬀraction
Powder XRD was intensively used to characterise the synthesised powders. From
these diﬀraction experiments, much qualitative and quantitative information about
the material of study is obtained, such as the phases which are present in the powder,
their crystal structure, their proportion, the size of their crystallites, the presence of
impurities or internal strain. This list is far from being exhausted. The fundamental
principles of powder XRD are summarised in appendix B.2.1.
(a) (b)
Figure 4.6: Diﬀractometer: (a) Stoe stadi P with mounted capillary ; (b) top view
in Debye-Scherrer geometry.195
In this experimental work, XRD patterns were collected with a Stoe Stadi P
diﬀractometer (Fig. 4.6) to collect information about the phases present in the
powders. A molybdenum X-ray source is used to produce primary X-rays for reasons
described in appendix B.2.2. The diﬀractometer is equipped with a curved Ge (111)
monochromator to obtain a coherent and monochromatic incident X-ray beam before
probing the sample. In this manner, Kα1 radiation is selected. The diﬀracted rays
are collected by a 6° linear position sensitive detector and converted into counts as
a function of 2θ. To measure in an air-free environment the air sensitive powders,
sealed silicate glass capillaries of diameters 0.5 mm and 0.7 mm ﬁlled with powder,
were mounted on the sample's holder (Fig. 4.6 (a)) and measured in Debye-Scherrer
geometry (Fig. 4.6 (b)). The samples were measured in the range of 3○ ≤ 2θ ≤ 50○.
The ICSD database106 was used to match the known phases present in the col-
lected powder XRD patterns. Identiﬁed structural models were reﬁned according to
the Rietveld method196,197 within the program Fullprof.198 A short description of
the Rietveld method is given in appendix B.2.3.
Rietveld method settings For the XRD data, structure model reﬁnement was
routinely carried out using the Rietveld method196,197 (appendix B.2.3). Mostly,
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graphical analysis was taken into account to accept or reject a ﬁt between observed
and calculated patterns. It is assumed that the chosen chemical models are reason-
able. The calculation is based on modelling the proﬁle by a pseudo-Voigt function.
The peak shape is modelled as a linear combination of a Gaussian and a Lorentzian
functions (Npr=7). A irf-ﬁle (instrumental resolution ﬁle) is provided to describe
the instrumental contribution to the calculated pattern. In this conﬁguration, mi-
crostrain information is contained in the U and X parameters and size eﬀect in the
Y parameter, according to the following contributions of Gaussian and Lorentzian
functions to the FWHM (Full Width at Half Maximum) of each reﬂection. A linear
interpolation between selected background points was used to describe the back-
ground. The scale factors, the lattice parameters, the atomic positions and the
isotropic displacement factors B were reﬁned for all phases. Additional parameters,
such as U, X, Y, asymmetric parameters, occupancy factors may have been reﬁned
in some cases. Figure 4.7 summarises visually the Rietveld method.
Figure 4.7: Short description of the Rietveld method.
4.1.3 Electrochemical settings
Synthesised powders have been selected to be tested as negative electrode materials
in room temperature organic-based electrolyte sodium electrochemical cell. The
electrochemical characteristics and the cell performances of diﬀerent compositions
prepared by various synthesis routes are compared. The electrochemical results
focus mainly on the amount of capacity that is stored in and delivered by the tested
materials and on the number of charge/discharge cycles of the built device before the
degradation of its performances. A discussion is provided to judge the viability of
the selected materials as potential negative electrode material. The electrochemical
responses of the active material powders are investigated by CV and by GCPL.
Detail about these electrochemical techniques are reported in section 3.2.
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Half-cell setup Active materials were tested in half-cell conﬁguration, i.e. tested
against metallic sodium, in two-electrodes Swagelok-type electrochemical cells. Con-
sequently, they play the role of positive electrode, when referred to the full cell
terminology, as elemental sodium will always have a lower potential. In a full cell
setup, however, they would be the lowest potential electrode, being the negative
electrode. A disassembled typical Swagelok cell is pictured on Figure 4.8. The brain
map visualised on Figure 4.9 summarises the parameters of the cell, that have been
experimentally investigated in this work.
Figure 4.8: (1) (2) Two-electrodes-type Swagelok cell consists of two steel plungers
with seals to ensure that the cell is air-tight to collect the current at the working
electrode with AM and the counter/reference electrode sides, (3) a screw cell house,
(4) the composite working electrode pressed on steel mesh current collector, (5) the
separators sucked into a carbonate-based electrolyte, (6) the metallic Na pressed on
a Ni-sheet, and (7) a spring which allows a constant pressure after mounting the
cell.199
The cells were assembled in an argon-ﬁlled glovebox (O2 and H2O < 0.1 ppm)
to prevent the reaction of Na and of the electrolyte with oxygen and water. A
metallic Na piece (99.95 %, Alfa Aesar) was pressed onto a Ni sheet to serve as
counter electrode. Two pieces of glass ﬁbres (Whatman) were used as separator to
physically separate the two electrodes, avoiding a possible short cut. They were
impregnated with 250 µl liquid electrolyte to assure ions transfer between the work-
ing and counter electrodes. The electrolyte was prepared by dissolving a sodium
salt, typically sodium perchlorate NaClO4 or sodium hexaﬂuorophosphate NaPF6,
in an organic solvent (such as PC, EC, FEC). The speciﬁc electrolyte composition
is speciﬁed at a later time. Most materials have been tested in 1M NaClO4 (98.0 %
purity, Aldrich) in PC (99.90 % purity, Merck). It is noteworthy that up to now
no standardised electrolyte has been developed by the community to be used as
reference electrolyte to test materials in sodium cells. However, many groups have
chosen to test their materials in 1M NaClO4 in PC.63,161,60,181 The electrodes (13
mm in diameter) were prepared in an argon-ﬁlled glovebox (O2 and H2O < 0.1 ppm)
by dry mixing in a mortar the active material with a CA to enhance the electronic
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conductivity. In commercial settings, polymeric binders are also used as additive to
assure the cohesion of the AM particles among them and with the current collector
during insertion and extraction of ions into/out of the host material. PVDF is the
binder of choice in commercial batteries and was also added for comparison. The
electrode composite was then dry-pressed (2T) using an uniaxial press onto stainless
steel mesh current collector. The loading of the active material on the electrodes
was between 3.8 and 7.8 mg/cm2, suitable loadings for full cell applications.150
Figure 4.9: Brain map of the investigated parameters presented in this work.
A recent comparative study on the morphology, composition and stability of
the SEI layer formed onto the sodium counter electrode, published by Iermakova61
et al. arises some concerns on the reliability of the results obtained in half cell
conﬁguration. In fact, poorer cyclability may be obtained when the active material
is tested against metallic Na, compared to a full cell conﬁguration, because of speciﬁc
problems related to the Na metal counter electrode itself, such as its tendency to
form dendrites. The instability of the interface at the Na metallic counter electrode
in commonly used carbonate electrolytes has been reported to be higher than the
lithium counter electrode under similar conditions.61 The authors signal their doubts
on the representativeness of the results obtained in sodium half cell conﬁgurations.
Electrochemical techniques CV measurements (see section 3.2) were carried
out in a climate chamber at 25°C with a Biologic VMP3 potentiostat using a constant
potential sweep of 10 µV/s and a voltage range of 0.021.2 V vs. Na+/Na by
starting the measurement at the OCV. The slow rate allows us to be fairly close to
thermodynamic equilibrium during sodiation and desodiation of the active material.
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For GCPL experiments (see section 3.2), the cells were cycled at 25°C with a Basytec
galvanostat at diﬀerent current rates in the potential window 0-1.2 V vs. Na+/Na
in a temperature/humidity controlled chamber.
Additives sodium activity The sodium activity of the additives (binder and
conductive additive) as well as the stability of the electrolyte in the chosen poten-
tial window were checked. The results are reported in appendix B.3.2. The lack of
activity of the diﬀerent additives with Na was observed, which is consistent with
the results stated in literature.200 These additive are therefore considered as passive
elements to the system and do not contribute to the speciﬁc capacity. They con-
tribute, on the other hand, to dead mass, and their amount should be reduced as
much as possible to increase the total capacity of the full device.
4.2 Electrochemical experiments
4.2.1 Hard carbon - setup's reference
HC is seen as a ready negative electrode material candidate for commercial room
temperature NaB setups. HC was tested to serve as reference in the setup imple-
mented in this work. The electrodes were prepared by dry-mixing HC:PVDF:CNTs
(weight ratio 8:1:1) in a mortar and they were cycled in 250 µl of 1 M NaClO4 in
PC at a current rate of 30 mA/gHC between 0.02-1.2 V vs. Na+/Na. Figure 4.10
pictures the electrochemical characteristics, cyclability and voltage proﬁles, of a HC
electrode.
The electrodes exhibit a stable reversible speciﬁc capacity of around 140 mAh/gHC
for more than 30 cycles with a CE of around 94 %. The speciﬁc capacity obtained
with this setup is similar to other groups,201,76 and is about half of the highest spe-
ciﬁc capacity recorded in literature for some HC.202,63 A huge irreversible capacity
loss is observed at the ﬁrst cycle as reported by others76,201,65 due to the high de-
composition of the electrolyte onto the HC particles to form the SEI layer. The CE
at the ﬁrst cycle is only about 30 %. Only 1/3 of the initial capacity is recovered at
desodiation.
Figure 4.10 (b) reports the potential proﬁle of the HC electrode. At the ﬁrst
sodiation, two ﬂat reaction plateaus are observed (I and II) at around 0.6 V and
around 0.05 V, respectively, corresponding to the insertion of about 2.3 Na+ ions.
At the second sodiation, the ﬁrst plateau has disappeared. A sloping voltage region
(IV) is visible instead and a low-potential plateau at about 0.04 V (II) and 0.1 V
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(III) at successive sodiations and desodiations, respectively. Only about 0.7 Na+
ions per formula are reversibly retrieved from the host material in the consecutive
cycles. According to literature and the simpliﬁed house of cards model (Fig. 3.6),
the sloping voltage proﬁle (IV) is attributed to the insertion of Na+ ions into parallel
or nearly parallel layers of HC. The low potential plateau (II) corresponds to the
insertion of Na+ ions into the nanoporosity created by the graphene nanodomains
randomly stacked.74
(a) (b)
Figure 4.10: (a) Cyclability, and (b) Na content of HC in the potential window
0.02-1.2 V vs. Na+/Na at a current density of 30 mA/gHC .
The low potential of the reaction plateaus and the stable capacity upon cycles
make HC a satisfying candidate for negative electrode material in sodium cells. Yet,
the low insertion potential may be problematic for dendrites' formation, especially
at elevated cycling rates. Additionally, the HC electrodes suﬀer from a high irre-
versible capacity loss at the ﬁrst cycle and the quantity of capacity, stored in HC, is
limited. Applied to stationary applications, the volumetric capacity is too low, lim-
ited to 450 Ah/L.68 Other negative electrode materials have to be found with higher
volumetric/gravimetric capacities while having a good capacity retention and long
lifespan. For more literature information, refer to the negative electrode materials
review found in section 3.4.
4.2.2 Strategy's evaluation - Presodiating bulk metallic elec-
trodes
Literature (see section 3.4) suggests that Sn is a potential good replacement to
HC as negative electrode material because Sn is an abundant, therefore cheap, and
non-toxic element with theoretically high storage capacities in volume and in mass,
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1130 Ah/L and 847 mAh/gSn, respectively.68 These values are associated with the
formation of the highest sodiated phase Na15Sn4 via a multistep alloying mecha-
nism147,155,149,66,172,173,174 (see section 3.4.5). Another interesting metallic element
for NiB negative electrode material is Sb. Indeed, Sb is electroactive in a sodium cell
and theoretically stores 660 mAh/gSb associated with the formation of the highest
sodiated phase Na3Sb. The (de)sodiation processes are reported to be rather com-
plex.116 It is reported in literature that Sb has outstanding electrochemical proper-
ties, especially an excellent rate capability115,116 (see 3.4.5). Finally, alloying Sn with
Sb gives the possibility to stabilise the cyclability without giving away any precious
capacities. This approach has been successfully veriﬁed by other authors.179,178,181
Based on the formation of Na15Sn4 and Na3Sb, the theoretical capacity corresponds
to 752 mAh/gSnSb. The main disadvantage, still remaining today, is the severe vol-
ume expansion at full sodiation. The drastic volume change, consecutive to the
(de)sodiation processes, is responsible for the short number of cycles that the ma-
terial undergoes without failure. In the last couple of years, strategies have been
implemented in order to either contain the volume changes or release the stress
following the volume change. They are presented in detail in section 3.4.5.
In my experimental research work, another strategy is proposed to address the
issue of the severe volume change. It is hypothesised that the mechanical insertion
of Na into the metallic electrode prior to electrochemical testing helps to reduce the
stress related to the (de)sodiation mechanisms, increasing the sodium movement in
and out of the phase, leading to facile structural transformations and preserving the
integrity of the electrodes upon cycling.
The electrodes were prepared as described in section 4.1.3 in the weight ratio
8:1:1 of AM:PVDF:CB. 250 µl of 1 M NaClO4 in PC was used as electrolyte. GCPL
tests were carried out at room temperature at a current rate of 30 mA/gM between
0 and 1.2 V vs. Na+/Na.
Bulk Sn and bulk NaSn
Commercial Sn powder (99.999 %, Chempur) was used as active material. The
electrochemical characteristics were compared to those of the presodiated tin alloy,
Na50Sn50 (powder set A, Fig. 4.4 (b)).
Figures 4.11 (a) and (b), respectively, display the reﬁned XRD pattern and SEM
images of the synthesised binary compound Na50Sn50. The powder contains a well
crystallised single phase, corresponding to the expected binary phase, the inter-
metallic β(NaSn). All reﬂections have been assigned and all reaction products have
been consumed. The model used for the Rietveld analysis is chemically plausible.
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β(NaSn) crystallises in a structure in the tetragonal space group I41/acd (No. 142)
with lattice parameters a = b = 10.46(2) A˚ and c = 17.39(3) A˚ (ICSD # 100054203).
The resulting χ2 is equal to 3.3 and graphically, the diﬀerence plot between observed
and calculated patterns is rather ﬂat.204 Therefore, the calculated pattern matches
well to the experimental data. The Rietveld analysis provides the following lattice
parameters a = b = 10.4782(9) A˚ and c = 17.41889 A˚, which are consistent with the
model used.203 No size broadening has been observed but strain of around 1 % has
been found in the powder. The annealing process was too short to release all stress
within the powder, resulting from the synthesis process. SEM images reveal a broad
range of particle sizes, with undeﬁned shape. Agglomerates are also observed.
(a) (b)
Figure 4.11: (a) Experimental and calculated XRD patterns (λMoKα1), and (b) SEM
images of the presodiated powder Na50Sn50.
GCPL results are presented in Figure 4.12. Both electrodes were ﬁrst sodiated,
i.e. Na+ ions were ﬁrst inserted into the active material. The speciﬁc capacities of
Sn and NaSn during 20 cycles of discharge/charge are reported on Figure 4.12 (a).
They are reported per weight of active materials. In both cases, the capacity contin-
uously reduces upon cycling, indicating the degradation of the electrode material.
The degradation of the capacity of Sn electrodes is similar to other studies.107,146
However, overall, more capacity is extracted and stored in NaSn than in pure Sn.
After 10 cycles for example, NaSn delivers still twice the capacity delivered by the
pure Sn electrode. The same observation is also veriﬁed at the 20th cycle. When the
capacity stored per weight of Sn for the NaSn electrode is taken into consideration,
shown by the connected symbols, the diﬀerence in capacities is even greater between
NaSn and Sn.
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(a) (b)
Figure 4.12: Electrochemical characteristics of the crystalline powders Sn and NaSn:
(a) cyclability, (b) selected potential proﬁles (1st, 2nd and 10th cycles). GCPL run at
25°C at a current rate of 30 mA/gAM in the potential window 0-1.2 V vs. Na+/Na.
Additionally, the CE at ﬁrst cycle is improved from 48.44 % to 99.96 % when
bulk Sn is presodiated mechanically prior to cell testing (Fig. 4.12). Compared
to literature results,146,150,91 that report a ﬁrst cycle irreversible capacity loss of at
least 20 %, the 0.04 % capacity loss of NaSn electrode material at ﬁrst cycle is
an outstanding improvement. This improvement is associated with the reduction
of the volume variation by 83 % between the pristine and fully sodiated electrode
materials: ∆V (Na15Sn4 - β(Sn)) = 2160 A˚3 > ∆V (Na15Sn4 - NaSn) = 356 A˚3.
Figure 4.12 (b) pictures selected potential proﬁles of the 1st, 2nd and 10th cycles
for both electrodes. The proﬁles obtained for the pure Sn electrode is similar to those
reported in literature.150,107,161 The capacity reached at the ﬁrst sodiation is similar
for both electrodes, about 560 mAh/gAM . Yet, the capacity for the presodiated
electrode mostly results from the sloping reaction plateau centred around 0.04 V,
while pure Sn electrode has three distinct reaction plateaus at the ﬁrst sodiation,
centred at 0.43 V, 0.16 V and 0.02 V. According to the latest literature,174 these
plateaus correspond to the reactions sequence (c = crystalline phase, a = amorphous
phase):
β(Sn)→ c −Na0.6Sn→ a −Na1.2Sn→ c −Na7Sn3 → c −Na15Sn4 (4.1)
During desodiation, a similar electrochemical signature is observed for both pristine
and presodiated Sn particle electrodes. Accordingly, presodiation does not alter the
electrochemical behaviour of the Sn particles.184 At the ﬁrst desodiation, four ﬂat
plateaus are distinguishable, each corresponding to a phase transition. The potential
of these plateaus are similar to those reported in literature for Sn electrodes.174 Thus,
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in this setup (see 4.1.3), Sn and NaSn electrodes follow the same desodiation path,
corresponding to the reaction sequence:
c −Na15Sn4 → c −Na7Sn3 → a −Na1.2Sn→ a −NaxSn→ β(Sn) (4.2)
In spite of that, more capacity is extracted from the presodiated electrode con-
secutive to the much longer ﬁrst reaction plateau at 0.15 V, associated with the
transformation of c-Na15Sn4 to c-Na7Sn3. This plateau is almost non-existent in
the case of pure Sn electrodes, and vanishes upon cycling. At the second sodiation
of the NaSn electrode, three plateaus are visible. The reaction potentials are, to
some extend, similar to those reported by Baggetto's study for the case of pure Sn
electrodes,174 suggesting that the reaction path of NaSn at the second sodiation is
similar to the ﬁrst sodiation reaction path of pure Sn electrodes. For the presodiated
sample, there is a change in the reaction pathway between the ﬁrst and the second
sodiations while the reaction path at the second desodiation stays identical to the
ﬁrst desodiation.
(a) (b)
Figure 4.13: Na content vs. potential of crystalline powders Sn and Na50Sn50 at%:
(a) commercial Sn, (b) mechanically alloyed Na50Sn50. GCPL run at 25°C at a
current rate of 30 mA/gAM in the potential window 0-1.2 V vs. Na+/Na.
The symbols of the capacity at sodiation and desodiation do not superpose at
each cycle (Fig. 4.12 (a)). The capacity recovered at desodiation is not equal to the
amount delivered at discharge (sodiation). Losses exist at each cycle, as reported
by others.150 This behaviour is especially noticeable for the Sn electrodes at the
ﬁrst cycle with a discharge capacity of about 580 mAh/g while only about half
(280 mAh/g) is recovered during charging (Fig. 4.12 (b)). On the contrary, for the
presodiated electrode, there is no observable loss of capacity at the ﬁrst cycle (Fig.
98 CHAPTER 4. NA-SB-SN-BASED NEGATIVE ELECTRODE MATERIALS
4.12 (b)). The amount of capacity stored is entirely reversibly delivered. The ﬁrst
cycle irreversible capacity loss has been completely reduced with presodiating bulk
Sn. With the mechanical insertion of Na+ into Sn up to the compound NaSn, the
OCV vs. Na metal decreases from 2.50 V to 0.55 V. This observation is reasonable
since the insertion of Na reduces the electrochemical potential of Sn. Consequently,
the potential drop at the ﬁrst cycle is less substantial.
The amount of Na+ ions inserted and extracted during the ﬁrst two cycles for
both electrodes is plotted on Figure 4.13. The amount of Na+ ions inserted/extracted
in/from the electrodes is higher for NaSn than for Sn. 2.5 Na+ ions are inserted elec-
trochemically in both electrodes at the ﬁrst sodiation. However, with one extra Na+
ions per Sn in the presodiated electrode, it is possible to extract about the same
amount, i.e 2.5 Na+ ions, while for the pure Sn electrode, only half is extracted.
The cycle life of the presodiated powder is still limited. Nevertheless presodiating
mechanically Sn electrodes prior to electrochemical testing enhances the speciﬁc ca-
pacity of the Sn electrodes and drastically reduces the ﬁrst cycle irreversible capacity
loss. Na is reported to diﬀuse slowly into bulk Sn.161 Using the intermetallic NaSn
as active material creates Na diﬀusion channels inside the host structure. As a re-
sult, Na+ ions diﬀuse more easily through the structure, while the volume expansion
to full sodiation is less substantial, reduced by 83 %.
Bulk Sb and bulk NaSb
The electrochemical properties of commercial Sb powder (99.9999 %, Chempur)
were compared to those of the presodiated antimony alloy NaSb.
XRD pattern and SEM images of the synthesised binary compound, Na50Sb50
(powder set A, Fig. 4.4 (b)) are reported on Figure 4.11. The powder contains a
single phase and the expected intermetallic has been formed, NaSb, which is well
crystallised. NaSb crystallises in a structure in the monoclinic space group P21/c
(No. 14) with lattice parameters a = 6.80(2) A˚, b = 6.34(2) A˚, c = 12.48(4) A˚ and
β = 117.6(2)° (ICSD # 26473205). The observations made for the NaSn pattern are
valid for the NaSb pattern. All reﬂections have been assigned, and the calculated
pattern is in good agreement with the experimental data. Rietveld analysis reveals
the lattice parameters a = 6.7804(9) A˚, b = 6.3345(8) A˚, c = 12.4756(5) A˚ and
β = 117.5226(8)°, that are consistent with the model used,205 no size broadening
and a strain of around 1 % are found. SEM images (Fig. 4.14 (b) and (c)) reveal
a broad range of particle sizes. The sample NaSb contains particles in a range of
a few 100 µm. Rod shapes (Fig. 4.14 (b)) are observed with some kind of layered
structure (Fig. 4.14 (c)).
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(a)
(b) (c)
Figure 4.14: (a) Experimental and calculated XRD patterns (Mo Kα1), and (b) and
(c) SEM images of the presodiated powder Na50Sb50.
Figure 4.15 reports the electrochemical responses of both electrodes. Both elec-
trodes were ﬁrst sodiated. According to the supplier, the Sb particles are around
1 mm in size, much larger particles than NaSb. Despite the high initial capacity,
exceeding the theoretical capacity of 660 mAh/g, a drastic drop of the capacity ex-
ists for both electrodes, dropping below 100 mAh/gAM at the ﬁrst desodiation. The
performances obtained in this setup are far from those reported in literature.115 The
diﬀerence derives from a bigger particle size used, a diﬀerent electrode composite
formulation (only CB and PVDF were used) and no FEC added to the electrolyte.
Bigger particles handle less the stress associated with the volume changes. The loss
of electrical contact is the consequence, which cannot be resolved with the chosen
conductive network. The integrity of the electrode is not maintained by the chosen
PVDF binder due to its low binding force160 and its decomposition.206 Yet, the CE
during the ﬁrst cycle is improved for the presodiated powder, even if the volume
variation between the pristine and fully sodiated electrode materials is greater in
this case: ∆V (Na3Sb - Sb) = 57 A˚3 < ∆V (Na3Sb - NaSb) = 238 A˚3. Finally, the
electrolyte decomposes strongly and the SEI layer thickens upon cycling, increas-
ing the resistance of the SEI layer onto the electrode. From the potential proﬁles,
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three distinct plateaus are observed for the NaSb centred at around 0.5 V (I), 0.4 V
(II) and 0.3 V (III) at the ﬁrst sodiation, while for pure Sb electrode, the ﬁrst two
plateaus have merged into one. At the following desodiation and sodiation, plateaus
have almost vanished. Presodiating the Sb electrode prior to cycling does neither
stabilise the cyclability of Sb electrode, nor improve the speciﬁc capacity but does
change the reaction path.
(a) (b)
Figure 4.15: Electrochemical characteristics of the crystalline powders Sb and
Na50Sb50 at%: (a) cyclability, (b) selected potential proﬁles (1st and 2nd cycles),
(c) Na content. GCPL run at 25°C at a current rate of 30 mA/gAM in the potential
window 0-1.2 V vs. Na+/Na.
Bulk SnSb and bulk NaSnSb
The powders with nominal composition (at%) Sn50Sb50 and Na33.4Sn33.3Sb33.30 were
synthesised by fusion of the appropriate proportions of Na, Sn and Sb (powder set
A, Fig. 4.4 (b)) as described in section 4.1.1. Powder XRD patterns and SEM
photographs are reported on Figure 4.16.
The analysed XRD pattern of the SnSb sample shown in Figure 4.16 (a) indicates
that the synthesised material consists of a pure single-phase SnSb which agrees
with the desired composition. The intermetallic SnSb crystallises in an underlying
rhombohedral parent structure in space group symmetry R3¯m (No. 166) with lattice
parameters ah = bh = 4.3258(1) A˚ and ch = 5.3457(3) A˚, in the hexagonal setting
(ICSD # 154085207). The following lattice parameters a = b = 4.3250(8) A˚ and
c = 5.3453(9) A˚, are obtained by the Rietveld analysis of the XRD pattern (Fig.
4.16 (a)). They are consistent with the model used.207 Mainly, the intermetallic
SnSb is formed at 95.3 wt% and is well crystallised. However, the reaction between
Sn and Sb is not completed as traces of a pure β(Sn) phase are observed on the
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XRD pattern, equal to 1.5 wt%. A TaSb2 impurity is also present in the powder up
to 3.2 wt%, originating from the reaction vessel. This contamination is consistent
with the ICP-OES analysis results (Ta impurity found to be about 1.3 at%, Table
B.1 in appendix B.1). The mechanically alloyed powder material is composed of big




Figure 4.16: (a)(c) Experimental and calculated XRD patterns (λMoKα1), and (b)(d)
SEM images, of Sn50Sb50 and Na33.4Sn33.3Sb33.3, respectively.
The XRD pattern of the composition NaSnSb (Fig. 4.16 (c)) reveals a well
crystallised powder. However, the Rietveld method is not appropriate to obtain
a good ﬁt between observed and calculated patterns. A set of reﬂections cannot
be indexed with known phases from the ICSD database.106 The ternary phase
Na5Sb3Sn is identiﬁed. This phase crystallises in a structure in the monoclinic space
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group P121/c1 (No. 14) with lattice parameters a = 18.5940(60) A˚, b = 9.181(4) A˚,
c = 12.493(5) A˚ and β = 98.3(1) A˚ (ICSD # 76495193). Nevertheless, the Rietveld
analysis highlights the existence of a new phase UNP1, probably ternary, not yet
reported. This phase is either thermodynamically stable and part of the ternary
phase diagram of Na-Sb-Sn system, or metastable. The particles of this powder are
rather quadratic and large in the range of 100 µm (Fig. 4.16 (d)).
GCPL results are plotted on Figure 4.17 and compared to those of pure Sn
electrode. All electrodes were ﬁrst sodiated. As reported by others,179,178,181 the re-
versible speciﬁc capacity and cycling stability have increased by the addition of Sb
to Sn. A speciﬁc capacity of about 260 mAh/gSnSb is maintained for about 10 cycles
for the SnSb electrode. With mechanically presodiating SnSb prior to cell testing,
the speciﬁc capacity of the presodiated sample NaSnSb is about 30 % greater than
the non-presodiated sample SnSb, with a speciﬁc capacity around 360 mAh/gNaSnSb
stabilised for about 10 cycles (Fig. 4.17 (a)). Despite the improvements in capac-
ity and cyclability compared to Sn electrode, the speciﬁc capacities of the SnSb
and presodiated NaSnSb collapse rather drastically, falling below 100 mAh/gSnSb
already after 20 cycles. Vogt et al.150 observed a similar behaviour for their bulk Sn
electrodes. They associated the abrupt capacity drop to the thickening of the SEI
layer with every cycle, leading to the increase of the resistance across the cell, due to
the insulating character of the SEI layer.150 Compared to literature,178,179,180,181 the
reversible speciﬁc capacity of SnSb electrodes experimentally reached in this setup is
in average 40 % lower. The lifespan is also shorter. The diﬀerence is associated with
the diﬀerent chosen material synthesis route and the diﬀerent electrode composite
formulation, especially the binder choice (PVDF instead of CMC). The integrity of
the electrode is not maintained as PVDF binder is reported to decompose.206 Ad-
ditionally, the loading onto the steel current collector (mg range) used in this setup
is much higher than the loading used in literature studies (nano or micro range).
The CE of SnSb and NaSnSb is reproduced on Figure 4.17 (b). The CE dur-
ing the ﬁrst cycle has been greatly improved by presodiating bulk SnSb electrode
material prior to electrochemical cycling, from 75 % to 99 %. A severe irreversible
capacity loss is therefore observed at the ﬁrst cycle for the SnSb electrode, with a
capacity drop of around 25 % of the initial capacity, whereas the whole capacity
stored in NaSnSb is recovered at the ﬁrst cycle, which is about 500 mAh/gNaSnSb
(Fig. 4.17 (a)). In addition, at each cycle, the capacity recovered after storage is
slightly diﬀerent. Irreversible capacity losses occur at each cycle. It is, however,
less critical for SnSb electrode compared to the Sn electrode. The diﬀerence is es-
pecially visible at the ﬁrst cycle, where only 25 % of the capacity is lost for the
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SnSb electrode, while twice that amount is lost for the Sn electrode. However, the
capacity loss between discharge and subsequent charge becomes larger as the elec-
trode is cycled, resulting in a fast capacity drop after 10 cycles. The presodiated
sample NaSnSb suﬀers from faster damage. Nevertheless, it stores and delivers more
capacity than the non-presodiated alloy SnSb.
(a) (b)
(c) (d)
Figure 4.17: Electrochemical characteristics of crystalline powders Sn, Sn50Sb50 at%
and Na33.4Sn33.3Sb33.3 at%: (a) cyclability, (b) CE, (c) and (d) selected potential
proﬁles. GCPL run at 25°C at a current rate of 30 mA/gAM in the potential window
0-1.2 V vs. Na+/Na.
.
Figure 4.17 (c) and (d) present the potential proﬁles of the three electrodes at
the ﬁrst and second cycles, respectively. With the mechanical insertion of Na into
SnSb, the OCV is lowered from 2.60 V to 0.92 V vs. Na+/Na, in agreement with CV
data (Fig. 4.18). The reactions plateaus of Sn and SnSb electrodes are at diﬀerent
potentials and the shape of the curves are also diﬀerent. These indicate that the
reaction mechanism is clearly diﬀerent as reported several times in literature.179,182
Potential plateaus of the SnSb electrodes are situated at similar potentials than
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those of literature.179
Four sections are distinguished at the ﬁrst sodiation for SnSb and NaSnSb elec-
trodes (Fig. 4.17 (c)), suggesting that both electrodes undergo a similar reaction
sequence. Reaction plateaus are centred at 0.44 V, 0.35 V, an inﬂection point at
0.15 V, and a long plateau at around 0.01 V. A slight overpotential of about 0.05
V exists for the presodiated electrode. At the second sodiation (Fig. 4.17 (d)), the
two ﬁrst plateaus have merged into a sloppy plateau. The second last plateau has
been extended in the case of the presodiated electrode, while has completely van-
ished for the pure SnSb electrode. For the desodiation, the potential proﬁles of SnSb
and NaSnSb electrodes are similar, suggesting the same reaction paths. At the ﬁrst
desodiation (Fig. 4.17 (c)), a distinct plateau is observed around 0.17 V, followed
by a shoulder around 0.5 V and two sloping plateaus at around 0.6 V and 0.8 V.
The ﬁrst plateau centred at 0.18 V at the ﬁrst desodiation is more accentuated for
the pure SnSb electrode. The disappearance of the ﬁrst plateau is observed in the
subsequent desodiations, associated with the decreased of capacity.
For both SnSb and NaSnSb electrodes, the shape of the potential proﬁle at the
ﬁrst and second sodiations are clearly diﬀerent (Fig. 4.17 (c) and (d)). A restruc-
turing of the active material and an electrochemical grinding reducing the size of
the particles happen, similar to the case of other conversion materials.179 The reac-
tion sequence therefore evolves. Rather ﬂat potential plateaus are recorded at the
ﬁrst sodiation (Fig. 4.17 (c)), whereas the second sodiation is characterised by a
voltage slope (Fig. 4.17 (d)), which suggests that the cycled material becomes amor-
phous.179 From the potential proﬁle shapes, it can be assumed that the sodiation
of both pristine materials simultaneously produces various amorphous NaxSb and
amorphous NaySn intermediates. At the end of the sodiation, amorphous Na3Sb and
an amorphous NazSn is expected, while the crystalline SnSb phase is not recovered
at the end of the desodiation.179,182
CV experiments were carried out to identify the slight diﬀerences of the sodiation
and desodiation mechanisms between the pristine SnSb and the presodiated NaSnSb
powders. The voltammograms resulting from the CV experiments of composite
electrodes (AM:PVDF:CB in weight ratio 8:1:1) at a scan rate of 10 µV/s between
0.02-2 V vs. Na+/Na are displayed on Figure 4.18. The scans begin cathodically
from OCV down to 0.02 V. The shape of the ﬁrst cathodic scan curve is diﬀerent from
the consecutive cathodic scans, due to the irreversible reduction of the electrolyte
forming the SEI layer and the restructuring of the active material.179
During the ﬁrst sodiation of the SnSb electrode (Fig. 4.18 (a)), two reductive
peaks are observed, a broad one at 0.21 V partially associated with the SEI formation
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(a) (b)
Figure 4.18: Cyclic voltammograms of (a) Sn50Sb50 ; (b) Na33.4Sn33.3Sb33.3, in the
potential window of 0.021.2 V vs. Na+/Na at a rate of 0.01 mV/s.
and a peak at 0.02 V. The ﬁrst peak is shifted to 0.14 V in the subsequent scans.
The ﬁrst desodiation shows a ﬁrst peak at 0.23 V, and two broader ones at 0.75 V
and 0.92 V, in agreement with the reaction potentials of the potential proﬁles (Fig.
4.17 (c) and (d)). With further cycling, a shift of the peaks to higher potentials with
lower current intensities is recorded. At the ﬁfth cycle, the ﬁrst oxidative peak has
vanished. The reaction mechanism of SnSb with Na is not fully clariﬁed.179,182 It
is not obvious to determine which peak corresponds to which chemical reaction.179
The peaks are assigned to the simultaneously formation of amorphous Na-Sn and
Na-Sb intermediates.182
Similar complex (de)sodiation reactions, occurring in SnSb, are also involved
in NaSnSb. The position of the peak maxima potentials on the CV plot of the
NaSnSb electrode (Fig. 4.18 (b)) are indeed at similar potentials at the anodic
scans, indicating an analogue desodiation reaction mechanism as for SnSb negative
electrode material. However, the cathodic scans are rather diﬀerent. SEI formation
is observed at 0.66 V. Two other reductive peaks are observed at the ﬁrst sodiation, a
broad one centred around 0.18 V and one at 0.02 V. In the subsequent sodiations, two
other reductive peaks are visible, at 0.55 V and 0.24 V. These peak maxima shift to
lower potentials with cycling, while the current density decreases. Additionally, the
desodiation peak maxima around 1 V are sharper for the NaSnSb powder, indicating
that the reactions happening at his potential are easier to happen.
As for NaSn electrode, the amount of Na+ ions electrochemically inserted into
the presodiated structure NaSnSb are completely extracted at the ﬁrst cycle (Fig.
4.19). For both electrodes (SnSb and NaSnSb), 4.5 Na+ ions per unit cell have been
transferred in and out of the structure at the ﬁrst cycle. This number is already
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Figure 4.19: Na content. GCPL run at 25°C at a current rate of 30 mA/gAM in the
potential window 0-1.2 V vs. Na+/Na.
.
reduced at the second cycle, 3.7 Na+ ions for the presodiated sample and only 3.1
Na+ ions for the SnSb electrode.
The lifespan of the electrodes are still limited to about 10 cycles The improved
cyclability of the SnSb electrode in regard to the Sn electrode comes from the syner-
gistic eﬀect of both elements as described in Chapter 3. In this experimental setup,
the speciﬁc capacity of Sn is improved by alloying Sn with Sb. It is further enhanced
by presodiating mechanically the alloy prior to electrochemical testing.
4.2.3 Summary: Presodiating bulk metallic Sn-Sb-based elec-
trode materials
For a high loading electrode suitable for full cell applications (> 3.5 mg/cm2 of active
material), bulk Sn-Sb-based electrode materials demonstrate higher speciﬁc capac-
ities but shorter cycle life than the HC. Additionally, the ﬁrst cycle irreversible
capacity loss of the metal-based electrode materials decreases compared to HC.
Moreover, presodiating mechanically bulk SnSb electrode materials prior to electro-
chemical tests, improves the speciﬁc capacity and drastically reduces the ﬁrst cycle
irreversible capacity loss. The (de)sodiation reaction sequence of non-presodiated
and presodiated bulk metallic electrode materials are similar but not identical, with
most likely a variation in phases' proportion and composition of the intermediate
phases. Presodiating mechanically Sn and SnSb prior to cycling creates Na dif-
fusion channels, leading to an easier Na+ ions transfer at (de)sodiation than in
non-presodiated electrode material. The main results of section 4.2 are summarised:
- HC electrodes sustain a stable reversible capacity of 140 mAh/g for 30 cycles
with a low CE at ﬁrst cycle of around 30 %.
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- The capacity degradation trends of Sn and NaSn electrodes are similar. How-
ever, the speciﬁc capacity of NaSn electrodes is about twice the one of Sn.
- The irreversible capacity loss at ﬁrst cycle is drastically reduced in the case of
NaSn electrodes (CE1stcycle(Sn) = 48 % vs. CE1stcycle(NaSn) = 99.9 %).
- The ﬁrst sodiation mechanism of Sn and NaSn electrode material is diﬀerent,
whereas the desodiation reaction sequence is identical.
- NaSn electrode material reversibly extract around 2.5 Na+ ions at the ﬁrst
cycle, while only half is extracted from the Sn electrode material.
- Both capacities of Sb and NaSb electrode material fall below 100 mAh/g after
the ﬁrst desodiation.
- The reaction sequence at the ﬁrst sodiation is diﬀerent for Sb and NaSb elec-
trode materials.
- The speciﬁc capacities of SnSb and NaSnSb follow the same trends. They are
stabilised for about 10 cycles and drop abruptly. However, NaSnSb demonstrate a
stable speciﬁc capacity of 360 mAh/g for 10 cycles, which is 30 % higher than the
capacity delivered by SnSb electrode material.
- NaSnSb powder contains an unknown phase UNP1.
- The irreversible capacity loss at ﬁrst cycle is reduced in the case of NaSnSb
electrodes (CE1stcycle(SnSb) = 75 % vs. CE1stcycle(NaSnSb) = 98.5 %).
- Similar but not identical (de)sodiation reaction paths are reported for SnSb and
NaSnSb electrode materials, suggesting a variation in phases proportion and com-
positions of the amorphous Na-Sn and Na-Sb intermediates between both electrode
materials.
- Both SnSb and NaSnSb active material reversibly extract 4.5 Na+ ions at the
ﬁrst cycle. However, the amount of transferred Na+ ions at the second cycle is higher
for NaSnSb than for SnSb (3.7 Na+ ions vs. 3.1 Na+ ions). It indicates an easier Na
diﬀusion path in the presodiated electrode material NaSnSb.
4.3 Electrochemical characteristics of presodiated
powders
The experiments presented in the previous section (see 4.2.2) show that for mechan-
ically presodiated SnSb prior to cell testing, the speciﬁc reversible capacity of the
metallic electrode increases and the irreversible capacity loss at the ﬁrst cycle is
drastically reduced. Little is known about the electrochemical storage behaviours of
presodiated metallic samples. Based on CV and GCPL experimental results, elec-
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trochemical characteristics such as speciﬁc capacities and cyclability are reported.
4.3.1 Inﬂuence of sodium content in NaxSbSn powders
The inﬂuence of the sodium content, initially present in the samples Nax(SbSn)(1−x),
on the electrochemical characteristics is investigated. Six compositions have been
chosen with increasing Na content while maintaining the ratio Sb/Sn equal to 1.
Powders with nominal composition Nax(SbSn)(1−x) (Sn50Sb50 at% = SnSb, Na10Sn45Sb45
at% = Na0.22SnSb, Na33.4Sn33.3Sb33.3 at% = NaSnSb, Na40Sn30Sb30 at% = Na1.33SnSb,
Na50Sn25Sb25 at% = Na2SnSb, and Na80Sn10Sb10 at% = Na8SnSb) were synthesised
(powder set A, Fig. 4.4 (b)). They are schematically reported on the ternary phase
diagram Na-Sb-Sn (Fig. 4.20 (a)).
The XRD patterns of these powders are presented on Figures 4.20 and 4.16.
The powders with a ternary composition are polycrystalline and polyphasic. For
most ternary compositions, sets of reﬂections cannot be indexed with known phases
from the ICSD database.106 The diﬀerence plots between observed and calculated
patterns from the Rietveld analysis highlight the existence of new phases, probably
ternary, which have not yet been reported.
A complete phase identiﬁcation was possible for the ternary composition Na8SnSb
(Fig. 4.20 (e)). The composition acquired by ICP-OES is in agreement with the
desired composition (Table B.1). The ﬁt of the experimental pattern is in good
agreement with the calculated one. Intensities at low angles of the Na15Sn4 phase
do not perfectly match and still asymmetry of reﬂections at low angles still exists.
Three phases coexist in the powder: the binary phase Na15Sn4 in fraction 55 wt%,
followed closely by the intermetallic Na3Sb in fraction 37 wt% and metallic Na 8
wt%. The intermetallic Na15Sn4 crystallises in a structure in the cubic space group
I 4¯3d (No. 220) with lattice parameters a = b = c = 13.14(2) A˚ (ICSD # 105167208),
the intermetallic Na3Sb crystallises in a structure in the hexagonal space group
P63/mmc (No. 194) with lattice parameters a = b = 5.366 A˚ and c = 9.515 A˚ (ICSD
# 26882209) and metallic Na crystallises in a structure in the cubic space group
Im3¯m (No. 229) with lattice parameters a = b = c = 4.30 A˚ (ICSD # 53753210).
The reﬁned lattice parameters of all three phases are consistent with the models
used.208,209,210 In the phase Na3Sb, the sodium occupancy on Wyckhoﬀ position 2b
(0, 0, 1/4) has been increased about 2.5 times compared to the chemical model209
used to match the experimental pattern. Strain has been identiﬁed in the powder,
originating from the synthesis process. For Na3Sb, a strain of 0.9 % was identiﬁed
and a slightly higher strain of 1.5 % for Na15Sn4. No impurity phase is found in the




Figure 4.20: (a) Na-Sb-Sn ternary phase diagram with the compositions tested
electrochemically. (b) through (e) XRD patterns (λMoKα1) of various nominal com-
positions Na-Sb-Sn powders with calculated patterns. Vertical lines mark the Bragg
positions of known phases. (f) Selected SEM photographs of the presodiated powder
with nominal composition Na80(SnSb)10.
XRD pattern, in agreement with the elemental chemical analyses that show neg-
ligible Ta, O, H and N contaminations (Tables B.1 and B.2). Particles with sizes
around 100 µm are observed on the SEM photograph (Fig. 4.20 (f)).
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(a) (b)
Figure 4.21: (a) Speciﬁc capacities and cyclability, and (b) Coulombic eﬃciency, of
Nax(SbSn)(1−x) powders tested at room temperature at a current rate of 30 mA/gAM
in the potential window 0-1.2 V vs. Na+/Na.
The speciﬁc capacity, cyclability and CE from galvanostatic tests of the six
compositions are plotted on Figure 4.21. The electrodes were prepared and tested
similarly to the previous samples (see section 4.2.2). The electrodes were cycled at
room temperature at a current rate of 30 mA/gAM in the potential window 0-1.2 V
vs. Na+/Na. The electrode materials were all sodiated ﬁrst. The speciﬁc capacities
are normalised to the mass of their active material. When capacities are reported
per mass of SnSb, the values of speciﬁc capacities increase. Compared to HC elec-
trode cycled under the same condition (indicated by the dashed line), the metallic
NaxSnSb powders demonstrate higher speciﬁc capacities with an increase from 40 %
(for Na0.22SnSb) to 140 % (for NaSnSb). The metallic electrodes store and release
more capacity than HC due to the diﬀerence of storage mechanisms as discussed in
chapter 3.4. With increasing the sodium content in the powder prior to cell testing,
the irreversible capacity loss at the ﬁrst cycle is reduced. For the compositions with
Na content above 40 at%, the CE exceeds 100 % (Fig. 4.21 (b)). More capacity
is extracted than the capacity previously stored, due to the presence of Na in the
pristine electrode material, which contributes to this capacity. The speciﬁc capac-
ities range between around 200 mAh/gAM for the composition Na0.22SnSb to 360
mAh/gAM for NaSnSb. All tested compositions have a cyclability limited to around
10 cycles due to the non-optimised setup (refer to 4.3.3). PVDF, for instance, de-
composes in the chosen electrolyte composition206 and the integrity of the electrodes
is not maintained upon cycling. Na0.22SnSb, Na1.33SnSb and Na2SnSb gradually lose
capacity at each cycle while the other compositions have their capacity stabilised
for few cycles before fading rather abruptly. The loss in capacity at each cycle,
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between discharge and charge capacities, increases with the mechanically inserted
initial sodium content, indicated by the decrease of the CE upon cycling (Fig. 4.21
(b)). The capacity degrades faster for the compositions, whose CE1stcycle exceeds
100 %. Extracting more Na+ ions than what has been electrochemically inserted
into the host material is detrimental to the structures' reversibility. NaSnSb is the
composition with the highest speciﬁc capacity, being 360 mAh/g. Additionally, pre-
sodiating SnSb eﬃciently reduces the ﬁrst cycle irreversible capacity loss with a
CE1stcycle equals to 99 %.
Voltage proﬁles of the six compositions Nax(SbSn)(1−x) are plotted in Figure
4.22. For ease of comparison, scales have been matched. The potential diﬀerence at
OCV between the studied electrode and metallic sodium counter electrode decreases
with increasing sodium content, from 2.6 V for SnSb to 0.15 V for Na8SnSb. The
reaction potentials of the presodiated powders are below 0.5 V vs. Na+/Na, similarly
to SnSb, making these metallic electrode materials attractive as negative electrode
materials.68 The SnSb electrode demonstrates the highest initial sodiation capacity
of all electrodes, which is of around 660 mAh/gSnSb (Fig. 4.22 (a)). This capacity is
close to the theoretical capacity based on the formation of the intermetallics Na15Sn4
and Na3Sb at full sodiation, being 752 mAh/gSnSb. Nevertheless, it has the highest
irreversible capacity loss at the ﬁrst cycle of around 25 % (Fig. 4.21 (a)). For all
compositions, voltage plateaus are distinct and rather ﬂat at the ﬁrst sodiation,
which then transform into sloppy plateaus in the subsequent sodiations. The active
materials undergo profound structural changes at the ﬁrst sodiation.179 Distinct
plateaus are recorded at desodiation. The plateaus at low potential are reduced in
length and vanish upon cycling. Overall, the length of all potential plateaus are
shortened and disappear upon cycling, indicating that the structures are not stable
and degrade. This degradation is responsible for the capacity fading.
The shape of the potential proﬁles for the electrodes up to 40 at% Na is similar
at ﬁrst observation (Fig. 4.22 (a)-(d)). However, diﬀerences in shape exist if the
curves are compared in detail. At the ﬁrst sodiation, for instance, two plateaus
are recorded: a distinct ﬂat plateau at 0.01 V and a long ﬂat plateau around 0.4
V. This plateau is in fact composed of several shorter plateaus separated by small
potential steps. As the Na content in the pristine active materials increases, the
average potential of the long plateau is reduced, the successive reactions happen at
lower potentials. As for another small diﬀerence, the apparition of a small plateau
at around 0.15 V at the second sodiation for the NaSnSb and Na1.33SnSb electrodes
is noticed (Fig. 4.22 (c) and (d)). The reaction sequences at (de)sodiation of the
tested electrodes may be similar but not identical. SnSb has been described in




Figure 4.22: Voltage proﬁles at the 1st, 2nd, 5th, 10th, 20th and 30th cycles
of (a) Sb50Sn50, (b) Na10Sb45Sn45, (c) Na33.4Sb33.3Sn33.3, (d) Na40Sb30Sn30, (e)
Na50Sb25Sn25, and (f) Na80Sb10Sn10, at a current rate of 30 mA/gAM in the po-
tential window 0-1.2 V vs. Na+/Na.
literature to sodiate and desodiate via the simultaneous formation of several Na-Sn
and Na-Sb amorphous phases.182 In the case of the presodiated powders prior to
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cycling, these intermediates may vary in composition and phase content.
The potential shapes of the presodiated pristine material with Na contents >
50 at% are diﬀerent, indication of another sequence of reactions. Several distinct
plateaus are observed for the Na2SnSb at the ﬁrst cycle (Fig. 4.22 (e)). In the
following (de)sodiations, the shape turns into slopes. For the Na8SnSb electrode
(Fig. 4.22 (f)), the capacity extracted at ﬁrst sodiation is almost negligible, about
10 mAh/g, all Na sites are occupied and no more sodium is transferred into the
structure. The ﬁrst desodiation voltage proﬁle shape consists of a set of distinct ﬂat
plateaus (Fig. 4.22 (f)). The ﬁrst long plateau at around 0.2 V vanishes already at
the second desodiation, while the others are still visible. A clear dividing line in the
(de)sodiation reaction sequences exists between the NaxSnSb powders containing
below and above x = 2 prior to cycling.
The CV plot of the high sodium containing powder, Na8SbSn, is reported on
Figure 4.23 (a), and its second cycle is compared to the pristine SnSb and presodiated
NaSnSb powders (Fig. 4.23 (b)). At high Na content (Na8SnSb), well deﬁned
oxidative signals are recorded, associated with relatively high current densities (Fig.
4.23 (a)). According to XRD and Rietveld analysis, the powder is composed of the
binary phases Na15Sn4 and Na3Sb (Fig. 4.20 (e) and (f)). At the ﬁrst sodiation from
OCV down to 0.02 V, a small unique reductive peak at 0.02 V is attributed to the Na
reaction with the carbon additive of the electrode composite. The reversible peak of
this reaction is the small oxidative peak at around 0.1 V, clearly visible at the ﬁrst
scan (discussed in appendix B.3.2). The reductive peak at around 0.65 V at the ﬁrst
cycle corresponds to the decomposition of the electrolyte, forming the SEI layer. It
vanishes upon cycling. This behaviour indicates that fresh SEI is formed as the
cell is cycled because the electrolyte decomposes onto the freshly exposed particle
surfaces. The continuous decomposition of the electrolyte leads to the increase of
the thickness of the SEI. Therefore, the resistance across the cell increases, up to the
insulation of the negative electrode, resulting in an abrupt loss of capacity. On the
sodiation scans, a broad peak is observed around 0.3 V and shifts to lower potential
with decreasing current density as the cell is cycled in agreement with the reaction
potentials of the GCPL test (Fig. 4.22 (f)). At the ﬁrst desodiation, peak maxima
at 0.35 V, 0.62 V and 0.88 V are well deﬁned. Their reaction potential changes
upon cycling as well as their shape, indicating a change in the reaction sequence.
Nevertheless, comparing these results to those from literature collected for the single
elements, Sn and Sb (see section 3.4), the reactions of the ﬁrst anodic scan of the
Na8SnSb electrode are deducible (Fig. 4.23 (c)). The oxidative signals correspond
to the desodiation of both phases, Na15Sn4 and Na3Sb, composing the powder. The
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broad oxidation peaks at 0.35 and 0.62 V may be assigned to the desodiation of
the Sn phase through various amorphous and crystalline intermetallic intermediates
while the broad oxidation signal with the maximum at 0.88 V corresponds to the
desodiation of the Sb phase through various amorphous phases, according to the
separated mechanisms (reported by Eq. 3.6 and 3.7 and Fig. 3.10). An extra
oxidative signal is visible at 0.98 V at the 5th cycle, indicating a visible change in
the active material.
The shape at the 2nd cycle of the three CV of SnSb, NaSnSb and Na8SnSb elec-
trodes, does not superpose as the peaks' maxima vary (Fig. 4.23 (b)), suggesting
that the (de)sodiation reaction paths are diﬀerent. The reduction and oxidation
signals with their maximum values potential values of the three compositions, SnSb,
NaSnSb and Na8SnSb determined from the CV tests (Fig. 4.23 (b)), are in good
agreement with the voltage plateau values from the corresponding GCPL experi-
ments (Fig. 4.22).
(a) (b)
Figure 4.23: Cyclic voltammograms of (a) Na80Sn10Sb10 at%, (b) Superposition
of the 2nd scans of the Na8SnSb, NaSnSb and SnSb. CV tests carried out in the
potential window of 0.021.2 V at a scan rate of 0.01 mV/s.
The experiments reported in this part give an evidence that the (de)sodiation
reaction sequences evolve with the Nax(SbSn)(1−x) compositions, indicated by the
diﬀerent potential proﬁle shapes and reaction potentials' values. Presodiating me-
chanically SnSb prior to cell testing alleviates the drastic volume changes at the
ﬁrst sodiation, and suppresses the irreversible capacity loss at the ﬁrst cycle (Fig.
4.21). The electrodes with the composition NaSnSb have the highest speciﬁc ca-
pacity of all tested compositions (Fig. 4.21 (a)) with a similar but not identical
(de)sodiation reaction sequence to the pristine SnSb (Fig. 4.23 (b)). The cyclability
has not been successfully enhanced by varying the Na content in the pristine active
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material. The capacity fades rather fast, associated with the non-sustainability of
the reaction sequences. Reducing the particle sizes has been reported in literature
to be a successful approach to stabilise the cycle life of the electrode materials. But
presodiating bulk SnSb powders does reduce eﬀectively the ﬁrst cycle irreversible
capacity loss.
4.3.2 High energy ball milling: particle size reduction and
reduction of long range order
Another synthesis route was proposed to prepare the active material powders. High
energy ball milling induces chemical reactions during milling (mechanochemistry).
This synthesis route was implemented to induce phases transformation in the start-
ing powders: amorphisation, polymorphic transformation and disordering of ordered
alloys. It is relatively cheap to prepare large amount of powder and is easily scal-
able. Additionally, the particle size is reduced. Literature reports that reducing
the particle size has a positive eﬀect in prolonging cycle life (see section 3.4.5).
In fact, smaller particles cope better with the stress/strain consequent to the vol-
ume changes upon cycling (see Chapter 3). Moreover, the stress related to volume
changes should be additionally reduced with the reduction of the long distance or-
dering. In the ﬁeld of battery research, ball milling is often used to produce active
material powders.165,166,179
The two nominal compositions SnSb and NaSbSn were chosen. The samples were
prepared (powder set B, Fig. 4.4 (b)), according to the synthesis described in 4.1.1.
Commercial Sn and Sb powders were used for the composition SnSb. The precursors
of the ball-milled NaSnSb sample were crystalline intermetallic NaSn (powder set
A, Fig. 4.4 (b)) and commercial Sb in the required proportions. The planetary ball
mill was set at 450 rpm with 15 min-milling, 15 min-rest to allow cooling. At each
cycle, the milling direction was reversed. For NaSnSb powder, the evolution of the
XRD patterns with the milling time is reported in appendix on Figure B.2 (b).
Resulting XRD patterns and SEM images of both compositions are displayed in
Figure 4.24. A single phase pattern is obtained for the composition SnSb with the
crystallisation of the intermetallic SnSb (Fig. 4.24 (a)). Rietveld reﬁnement reveals
no nanosizing of the SnSb particles. For the sample with nominal composition
NaSnSb, no sharp reﬂections and high intensities typical for long range ordering
are visible on the corresponding XRD pattern (Fig. 4.24 (b)). It indicates the
nanosizing or the loss of the long range order of the powder. In both cases, it
should result in an improved tolerance towards volume changes. In addition, Na+
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ions should diﬀuse more rapidly in less structured and more open host structures.211
Compared to the fused powders from the powder set A (Fig. 4.16), the particle
size has been successfully reduced, about 10 times smaller, as seen on the SEM
photographs (Fig. 4.24 (c) and (d)). For both compositions, the mechanically
alloyed powder materials are composed of particles with a wide size distribution
forming agglomerates of around 10 µm with a slab structure.
(a) (b)
(c) (d)
Figure 4.24: XRD patterns compared to calculated patterns and SEM images of
(a)(c) ball-milled SnSb, and (b)(d) ball-milled NaSnSb.
On Figure 4.25, the electrochemical characteristics of the ball-milled samples
(powder set B, Fig. 4.4 (b)) are compared to those of the fused powders (powder
set A, Fig. 4.4 (b)). The electrode composites are prepared by dry mixing the AM,
PVDF and CB in the weight ratio (8:1:1) in a mortar, pressed on a steel current
collector. The electrodes are cycled at room temperature against a metallic sodium
counter electrode in 250 µl of 1 M NaClO4 in PC. GCPL tests are carried out at
a current rate of 30 mA/g and CV tests at a rate of 10 µV/s over the potential
window 0.02-1.2 V vs. Na+/Na.




Figure 4.25: SnSb:PVDF:CB (8:1:1) GCPL at a current rate of 30 mA/gAM in the
potential window 0.02-1.2 V vs. Na+/Na: (a) cyclability, (c) potential proﬁles, (e)
cyclic voltammograms of ball-milled SnSb ; 1st and 2nd cycles of the fused sample
for comparison. NaSnSb:PVDF:CB (8:1:1) GCPL at a current rate of 30 mA/gAM
in the potential window 0.02-1.2 V vs. Na+/Na: (b) cyclability, (d) voltage proﬁles,
(f) cyclic voltammograms of ball-milled NaSnSb ; 1st and 2nd cycles of the fused
sample for comparison.
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Despite the fact that the particle size has been reduced by high energy ball
milling, the speciﬁc capacities of the ball-milled samples rapidly drop (Fig. 4.25
(a) and (b)). Nevertheless, the speciﬁc capacity of ball-milled samples has been
enhanced by the presodiation of the powder as it was observed for the case of the
fused powders (Fig. 4.17).
For the SnSb electrode, the capacity fading is associated with the lack of sus-
tainability of the desodiation potential plateau at around 0.2 V (Fig. 4.25 (c)).
The desodiation reaction associated with this plateau cannot be reached in the ball-
milled sample, even if the same ﬁrst sodiation reaction sequence happens in both
samples because the voltage proﬁle shapes at the ﬁrst sodiation are identical for
both electrodes. CV test for the SnSb sample is reported on Figure 4.25 (e). The
scan begins cathodically from the OCV at 2.5 V down to 0.02 V. During the ﬁrst
sodiation of ball-milled SnSb, four reductive peaks are observed at 0.57 V, 0.33 V,
0.2 V and 0.02 V. The ﬁrst reductive peak corresponds to the SEI formation at the
ﬁrst cycle. A constant electrolyte decomposition is visible at each sodiation as fresh
surface of the material is exposed to the electrolyte. The broad reduction peaks
at 0.33 V and 0.2 V are assigned to the restructuring of the active material, with
the simultaneous formation of Na-Sn and Na-Sb amorphous intermediates.182 The
small reduction peak is associated with the sodium reaction with CB, as discussed
in appendix B.3.2. The ﬁrst and second desodiations show a ﬁrst signal at 0.25 V,
and two broader ones at 0.65 V and 0.92 V. With cycling, a shift of the signals to
higher potentials with lower current intensities is noticed. The CV tests (Fig. 4.25
(e)) reveal that the reduction and oxidation signals are more deﬁned and slightly
shifted potentials (lower overpotential) for the ball-milled (lines) than for the fused
(dot lines) SnSb powders.
For the ball-milled presodiated sample, only around 30 % of the initial storage
capacity remains at the 5th cycle (Fig. 4.25 (b)) . However, the performances have
been improved compared to the ball-milled SnSb sample (Fig. 4.25 (a)). The CE of
the ball-milled NaSnSb is about 3.5 times smaller than the one of the fused NaSnSb
(powder set A, Fig. 4.4 (b)) active material. In the fully sodiated structures, ionic
movement is hampered. As reported by Vogt and coworkers,150 more electrolyte
decomposes as the surface to volume ratio has been increased with particle size
reduction. Consequently, the SEI layer grows, which prevents Na+ ions from diﬀusing
through this layer.
The voltage proﬁle shapes of the samples (powder sets A et B, Fig. 4.4 (b)) are
reported on Figure 4.25 (d). The proﬁles shapes of the ball-milled and annealed
samples are relatively diﬀerent. This observation indicates that reaction paths for
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(de)sodiations may diﬀer. Some intermediates may be bypassed. For the ball-milled
presodiated sample NaSnSb, a long sloppy plateau is found at the ﬁrst sodiation
(Fig. 4.25 (d)). The composition of the intermediates changes rather gradually. At
the second sodiation, a short plateau is visible at around 0.6 V and a long sloppy
plateau is centred at around 0.2 V. The plateaus have totally disappeared at the
10th cycle. No further reaction of the active powder with Na+ ions is observed and
capacity cannot be either stored or delivered. The diﬀerence in the reaction paths
is furthermore visible on the CV tests (Fig. 4.25 (f)). As it was the case for SnSb
electrodes, the signals are more deﬁned for the ball-milled sample and are located at
a diﬀerent potential. The diﬀerence in reaction path of sodium uptake and removal,
especially at the ﬁrst cycle, is connected with the diﬀerence in morphologies and
structures as shown by the XRD patterns and the SEM pictures reproduced in
Figure 4.24.
Under the same milling conditions, another ball-milled powder with the nominal
composition NaSnSb was synthesised by reducing by about half the powder to balls
ratio (powder/balls ∼ 0.3). The evolution of the XRD patterns with milling time is
reported in appendix Figure B.2 (a). Furthermore, part of this powder was annealed
for 2 days at 500°C (powder set C, Fig. 4.4 (b)). XRD patterns are displayed on
Figure 4.26 (a) and compared to those of the two previous discussed samples. The
cyclability and speciﬁc capacity of the presodiated NaSnSb samples are summarised
on the Figure 4.26 (b). The diﬀerent synthesis routes (powder set A, B and C, Fig.
4.4 (b)) result in the synthesis of diﬀerent morphological powders. As a consequence,
the cyclability of the presodiated NaSnSb powders is also aﬀected.
The broadening of the reﬂections, related to amorphous or nanosized materials, is
observed for the ball-milled samples (Fig. 4.26 (a)). Reﬂections from Sn and UNP1
phases are identiﬁed in both patterns and extra reﬂections related to metallic Sb is
recorded for the higher powder/balls ratio ball-milled powder. When the powder to
balls ratio is reduced by half, the cyclability is enhanced with a gradual loss of the
capacity (Fig. 4.26 (b)). The existence of residual metallic Sb from the precursors on
the XRD pattern of the ball-milled powder with high ratio is partially responsible for
the fast degradation of the capacity, as observed in the electrochemical performances
of a pure Sb electrode (Fig. 4.15).
When the ball-milled powder is annealed, the crystallinity of UNP1 increases,
Sn phase has vanished and the ternary Na5Sb3Sn has grown (Fig. 4.26 (a)). A
crystallised powder is observed from the well deﬁned reﬂections on the XRD pattern
and the cyclability has improved even further, with a reversible speciﬁc capacity
stabilised for few cycles around 280 mAh/g (Fig. 4.26 (b)).
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(a) (b)
Figure 4.26: (a) Powder XRD patterns and (b) cyclability of Na33.4Sb33.3Sn33.3 at%.
Only the desodiation capacities are shown. Powder synthesis routes comparison:
annealed (set A 2h at 700°C), ball-milled (set B powder/balls = 0.6), ball-milled
(set B powder/balls ∼ 0.3), and ball-milled + annealed (powder set C 2 days 500°C).
Finally, when the powder is well crystallised (powder set A), indicated by the
sharp reﬂections, belonging to the phases Na5Sb3Sn and to UNP1 (Fig. 4.26 (a)),
the speciﬁc capacity increases by 25 % and the electrode cycles twice longer (Fig.
4.26 (b)).
The cyclability and reversible capacity increase with the crystallinity of the preso-
diated powders NaSnSb. Yet, the ball-milled NaSnSb samples have a ﬁrst sodiation
capacity closer to the theoretical capacity. Eﬀorts have been made towards sta-
bilising the speciﬁc capacity of ball-milled NaSnSb, that are described in the next
sections.
4.3.3 Enhancement of the electrochemical performances by
the modiﬁcation of the electrode composite
The electrochemical performances of an active material are tightly connected to
the electrode formulation. Several binders and conductive additives are investigated
and their impact on the electrochemical characteristics of the presodiated ball-milled
NaSnSb are presented.
Binders' selection
The use of binder is critical in commercial batteries. It has the role to maintain
the cohesion within the electrode between the active material particles but also
to provide a good adhesion of the electrode to the current collector. In addition,
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it favours and facilitates the formation of a stable interface with the electrolyte.
It brings mechanical strength without interfering electrochemically with the other
components of the cell. The choice of the binder works as a function of the metallic
alloy used as active material. In fact, speciﬁc bonds are created between the surface
of the active material powder and the polymer, increasing the overall bonding force
of the electrode107,160 (see section 3.4). Thereby, the dependence of the ball-milled
NaSnSb electrode performances on the binder was studied. In the literature, the
binder of choice for SnSb electrodes was found to be CMC.178,179,181 The improve-
ment of electrochemical properties compared to PVDF is tightly connected to the
morphology of CMC , which is a cross-linked polymer. At polymerisation, the chains
create a two dimensional network through the active material particles, maintaining
a stronger cohesion among the particles, compared to PVDF.107,160 However, for
a better result, CMC must be dissolved into water which is incompatible with the
presodiated electrode materials synthesised for my work as they are air sensitive and
water reactive.
In this work, three acrylates, PAA, PMMA, PAN, are tested as replacement to
the conventional binder PVDF. Figure 4.27 presents the structures of these poly-
mers. The selection of electrode composite and electrolyte combination has a great
impact on the electrodes cycling performance.206,212 In a study published by Vogt et
al.,206 PVDF binder contained in the electrode composite decomposes upon cycling,
resulting in the degradation of its binder function.
Figure 4.27: Binders discussed in this work.
The electrodes contain 80 wt% NaSnSb, 10 wt% CNTs and 10 wt% binder.
The composites were prepared by dry mixing the components in a mortar. Figure
4.28 gives the cycling plots of the NaSnSb-based composite electrodes with diﬀerent
binders at a rate of 30 mA/gNaSnSb. All electrodes exhibit an initial capacity above
500 mAh/g, except for PMMA (Fig. 4.28 (a)). Using PMMA as binder worsens the
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performances of the electrode. The integrity of the electrode is already weaker at
the 4th cycle, with a remaining capacity below 200 mAh/g at the 5th cycle, falling
close to zero at the 10th cycle. Electrodes without binder and with PVDF show a
rapid decay after the 10th cycle, suggesting that the PVDF binder does not play a
signiﬁcant role in the capacity retention. With PAN binder, the electrodes maintain
a stable capacity of 360 mAh/g over ﬁfteen cycles, showing a capacity retention of
70 %. However, over prolonged cycling, the capacity rapidly decreases below 100
mAh/g after twenty cycles. On the contrary, the electrodes prepared with PAA show
a progressive capacity fade until the 30th cycle recovering a capacity of 120 mAh/g,
corresponding to a capacity retention of 22 %. For all electrodes, the capacity, which
is extracted, is lower than the previously stored capacity. The diﬀerence between
discharging and charging capacities maximises when the capacity collapses rather
abruptly. Related to the observations from Vogt and coworkers150 on Sn electrodes,
similar interpretations are deductible. The chosen acrylate polymers do not stabilise
the SEI layer. More electrolyte reduces upon cycling as it gets in contact to freshly
exposed active material surfaces. The SEI layer thickens at each cycle, leading to
the increase of the resistance across the cell. Consequently, the cyclability of the
electrode is hindered when the SEI layer insulates the electrode from the electrolyte
as charge transfer cannot occur. Selected charge/discharge proﬁles (15th, 18th and
21st cycles) are represented on Figure 4.28 (b) for the electrodes with PAA and
PAN. The plateau present at ca. 0.3 V at the 15th discharge proﬁle for both binders
when both electrodes have the same capacity, disappears at the 18th discharge for
PAN at the point where the capacity of electrodes with PAN becomes lower than
the one with PAA. Since the plateau at 0.3 V is still observed for the electrodes
with the PAA at the 21st cycle and the capacity does not decrease suddenly, it
may be possible that PAA binder is likely to manage the volume expansion of the
corresponding alloying reaction. However, the capacity retention is probably limited
by the growing SEI which progressively consumes Na+ ions.
The tested binders do not play a signiﬁcant role in maintaining the integrity of
the electrode upon cycling. These binders do not have a speciﬁc tight relationship
with the particles of NaSnSb. There is no enhancement in the cohesion between
particles nor the current collector. No speciﬁc bonds have been created between the
binders' terminal groups and the active material particles. In terms of performance,
a similar result (capacity and cyclability) is achieved when no binder is used in the
electrode's formulation, except for PAN binder which extends the lifespan of about
1/3 (discharge capacity) (Fig. 4.28 (a)). However, this electrode suﬀers from higher
electrolyte decomposition, resulting in a similar reversible capacity curve than the
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Figure 4.28: Electrochemical characterisation of ball-milled Na33.4Sn33.3Sb33.3 com-
posite electrodes containing 10 wt% CNTs SW/DW and 10 wt% of various binders.
(a) Cycling performances of composite electrodes without binder and with PVDF,
PAA, PAN, PMMA; and (b) selected voltage proﬁles of the 15th, 18th and 21th cycles
for electrodes composed with PAA and PAN. Cells cycled at room temperature in
1M NaClO4 in PC (250 µl) at a current density of 30 mA/gNaSnSb in the potential
window 0.021.2 V vs. Na+/Na.
electrode without binder. As a consequence, the electrodes degrade at every cycle
and pulverise due to the stress induced by the volume changes. In addition, using
10 % of binder in the composition of the electrode decreases the amount of active
material proportion in the electrode, and therefore the achievable total electrode
capacity is reduced.
The electrode composite contains also a conductive additive.
Conductive additives' choice
To increase the conductivity of the electrode, CA are added to the electrode compos-
ite. They build a conductive network around the active material particles without
actively participate to the electrochemical reactions. The inﬂuence of the type of
CA on the electrode performances was examined. Indeed, recent publications, sum-
marised in the review of Balogun and coworkers,76 have demonstrated the use of
advanced carbon nanomaterials such as CNTs and graphene as replacements for CB
CA in metal-based negative electrodes to improve the capacity and the cyclability.
Conventional CB CA is used as starting point in the discussion. With the
growth of the CNT industry, CNTs become a viable CA solution for commercial
systems. Figure 4.29 reports the electrochemical performances of electrodes com-
posed of 80 wt% of ball-milled NaSnSb, 10 wt% PAN binder and 10 wt% of CA
(CB or CNTs). The results are compared to those obtained when electrodes are
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prepared without CA. No capacity is drawn out for the electrode when no CA is
added to the electrode composite (Fig. 4.29 (a)). The intrinsic electronic conduc-
tivity of the NaSnSb is insuﬃcient to achieve cycling. The need of a CA is therefore
required. When CB, the most widely employed carbon additive due to its low price
and satisfactory conductivity is used, the electrodes exhibit a speciﬁc capacity of
around 410 mAh/g at the ﬁrst sodiation. Nevertheless, the speciﬁc capacity grad-
ually drops. The capacity is enhanced when CNTs are used as CA in the electrode
composite. The discharge capacity (around 360 mAh/g) is stable for about 15 cy-
cles and abruptly drops in the following cycles. The reversible capacity is, however,
constantly decreasing before collapsing after the 16th cycle. Consequently, the CE
is reduced at each cycle. Less capacity is extracted than the amount which was
previously stored in the material. As the particles are desodiated, some of them
disconnect from the conductive network due to the low binding force of the PAN
binder. They become isolated, while being partially sodiated, and do not participate
to further redox reactions. In parallel, at every cycle, fresh surface is exposed to the
electrolyte as the particle's volume increases at sodiation. The electrolyte reduces
and the SEI layer thickens upon cycling when the SEI is too thick, Na+ ions cannot
transfer through the layer. Selected potential proﬁles are reproduced on Figure 4.29
(b). An extra plateau is visible at around 0.6 V for the electrode composite with
CNTs, corresponding to the higher electrolyte decomposition due to the high surface
area of the CNTs, compared to CB. By increasing the strength of the conductive
network, the reactions, associated with the plateau around 0.2 V at desodiation, are
reachable.
Nanostructured carbons stabilise the electrodes. The conductivity of the elec-
trodes is increased with the addition of CNTs. Several CNTs have been tested,
including a commercial multiwalls CNTs (MWCNTs NC7000TM , Nanocyl), com-
mercial nanoﬁbers (CNF, Electrovac) and graphene oxide. The results of ball-milled
NaSnSb composite electrodes containing various CA (AM:PVDF:CA in weight ratio
8:1:1), together with an electrode without CA (AM:PVDF in weight ratio 9:1) are
presented are discussed in Figure B.12 in the appendix. As it was observed in the
case of the electrode composites with PAN binder, no capacity is achieved for the
electrodes composed only of ball-milled NaSnSb and PVDF. Similarly, a capacity
of 360 mAh/g is stabilised for around ten cycles when CNT CA are used in regards
to the conventional CB. Electrodes prepared with commercial CNTs demonstrate a
higher discharge capacity but a lower CE. Potential proﬁles (Fig. B.12 (b)) reveal
that extra reaction states are accessed with the use of CNTs.
The use of a one-dimensionally structured CA, i.e. CNTs, instead of CB helps
4.3. ELECTROCHEMICAL CHARACTERISTICS OF PRESODIATED POWDERS125
(a) (b)
Figure 4.29: Electrochemical characterisation of ball-milled Na33.4Sn33.3Sb33.3 com-
posite electrodes containing 10 wt% PAN and 10 wt% of various conductive additives
(CA). (a) Cycling performances of composite electrodes without CA and with car-
bon black (CB), carbon nanotubes single wall/double wall (CNTs SW/DW); and
(b) selected voltage proﬁles. Cells cycled at room temperature in 1M NaClO4 in
PC at a current density of 30 mA/gNaSnSb in the potential window 0.021.2 V vs.
Na+/Na.
to maintain a reversible capacity of 360 mAh/g at a rate of 30 mA/g for ten cy-
cles. The unique porous structure of CNTs creates a conductive network for the
facile transport of Na+ ions and electrons. They serve as physical support to the
AM particles. CB creates only punctual contacts between AM particles which are
more easily broken than the bridging contacts realised with CNTs150 due to volume
expansion during the alloying/dealloying reactions (estimated to ca. 200 % when
Na alloys with SnSb179). As a result, some particles are isolated from the conductive
network and therefore can no longer participate in the alloying reaction,160 hence a
rapid capacity loss occurs. Moreover, it was noticed that CNTs are active towards
Na compared to CB. Indeed, a highly stable and reversible capacity of 40 mAh/g
for 30 cycles was recorded for CNTs (results reported in appendix B.3.4). This
electrochemical activity may also be responsible for improved performances of the
composite electrode containing CNTs instead of CB, as some capacity results from
the CNTs. However, since only 10 wt% of CNTs is present in the electrode com-
posite, the contribution of the speciﬁc capacity of the CNTs to the total capacity is
rather small in the range of 1 %, compared to the capacity of the active material.
Others groups150,179 have reported that the use of carbon ﬁbres is an eﬀective
conductive additive. The electrode composite enhances the electronic properties of
their active materials, Sb and SnSb179 or Sn.150 In my setup, when commercial
carbon ﬁbres (CNF, Electrovac) are used, the electrochemical performances are not
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improved (Fig. B.12 in appendix). The speciﬁc capacity of these electrodes drops
even faster than those containing the commonly used CB. The enhanced perfor-
mances recorded by others using carbon ﬁbres is probably a combination of using
another commercial carbon ﬁbres, the 2D binder CMC and a slurry preparation
which disperses the carbon ﬁbres among the AM particles. The CMC maintains a
good cohesion between the AM particles and the CA, so that the electronic conduc-
tivity paths are not interrupted upon cycling while the integrity of the electrode is
maintained.
(a) (b)
Figure 4.30: Electrochemical characterisation of ball-milled Na33.4Sn33.3Sb33.3 and
ball-milled Sn50Sb50 composite electrodes containing 10 wt% of carbon nanotubes.
The active materials were synthesised by ball milling. (a) Cycling performances
of composite electrodes ; and (b) selected voltage proﬁles. Cells cycled at room
temperature in 250 µl of 1M NaClO4 in PC at a current density of 30 mA/gNaSnSb
in the potential window 0.021.2 V vs. Na+/Na.
Figure 4.30 displays the electrochemical characteristics of ball-milled SnSb and
ball-milled presodiated NaSnSb electrodes, cycled under the same conditions. The
cyclability is enhanced for both electrodes with the use of CNTs as CA compared
to CB (Fig. 4.25 (a) and (b)). In both cases, a still low limited cyclability is
observed. The cyclability of the presodiated NaSnSb is, however, extended by 1/3
compared to the one of the pure SnSb electrode. From the voltage proﬁles, similar
shapes are recorded for both electrodes, suggesting similar reaction paths. The
ﬁrst sodiation potential proﬁle is, however, diﬀerent between both electrodes. The
sodiation reaction sequence is therefore diﬀerent. The ﬁrst irreversible capacity loss
is also reduced when the electrode material is presodiated prior to electrochemical
testing with a CE of around 75 % compared to 50 % for the case of SnSb electrode
(Fig. 4.30 (a)).
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Evaluation of conductive additive content
The ball-milled presodiated composition NaSbSn presents an intrinsic electronic
conductivity which is insuﬃcient to achieve cycling (Fig. 4.31 (a) and (b)), as the
powder suﬀers from poor electronic conductivity. CA are necessary in the electrode
formulation to build a conductive network around the active material particles and to
interconnect them. The dependence of NaSnSb cycling performances on the amount
of CA in the composite electrodes with CB and SW/DWCNTs (with constant binder
content of 10 wt%) is shown in Figure 4.31. The cyclability of the electrode increases
with the proportion of carbon additive in the electrode composite.
(a) (b)
(c)
Figure 4.31: Electrochemical responses of ball-milled NaSnSb composite electrodes
containing 10 wt% of PVDF and an amount of CA varying from 5 to 40 wt%. Cycling
performances of NaSnSb composite electrodes with (a) Carbon black (CB) ; and (b)
single wall/double wall carbon nanotubes (SW/DW CNTs) at a current density of
30 mA/gNaSnSb in the potential window 0.021.2 V vs. Na+/Na. (c) Corresponding
electrode capacity versus the number of cycles for composites prepared with 20 wt%
of SW/DW CNTs and 40 wt% CB.
Increasing the CB content of the electrodes from 10 to 40 wt% leads to an
increase of the initial discharge capacity from 480 to 820 mAh/g (Fig. 4.31 (a)).
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However, this capacity is unstable and a continuous capacity fading until zero is
observed, except for the electrodes with 40 wt%, which still show a capacity of
120 mAh/g at the 30th cycle (Fig. 4.31 (a)). No signiﬁcant diﬀerences are noticed
between the electrodes with 10 and 20 wt% CB (Fig. 4.31 (a)). The initial discharge
capacity increases also from 380 to 750 mAh/g when increasing the SW/DW CNTs
amount from 5 to 20 wt%, as shown in Figure 4.31 (b). The NaSnSb composite
electrodes demonstrate a capacity of 360 mAh/g for three cycles with 5 wt% CNTs,
and an extended cycle life of ten cycles with 10 and 20 wt% CNTs. The capacity
abruptly drops, except for the electrodes with the highest CNT content which show
a progressive decay until the capacity reaches 5 mAh/g at the 30th cycle (Fig. 4.31
(b)). Those results again highlight the lack of conductivity of the pristine NaSnSb
powder, since higher capacities are achieved with a higher amount of CA (Fig. 4.31
(a) and (b)). From an electrode total capacity optimisation point of view, it is
preferable to use CNTs rather than CB since a lower weight is required to meet
similar values (Fig. 4.31 (c)). The electrode reversible capacity, calculated from the
total mass of the electrode, i.e. including the mass of AM, CA and binder, reported
in Figure 4.31 (c), is much higher for the electrodes containing 20 wt% of CNTs,
corresponding to an electrode capacity of around 250 mAh/gelectrode than with 40
wt% CB, electrode capacity below 200 mAh/g. Yet, for the ﬁrst cycles, the total
reversible capacities are actually surprisingly close in values given, representing only
half of active material for the electrode composite with CB.
The investigation of the electrode formulation, and especially the non-active
components, proved to be an interesting way to improve cycle life. It was pointed out
that NaSnSb suﬀers from a poor conductivity, therefore CA are required to enable
cycling. CNTs used as CA considerably improve the capacity retention compared
to CB and the composite electrodes deliver a capacity of 360 mAh/g for 10 cycles.
Finally, the selected binders do not seem to be appropriate to further enhance cycle
life. Only composite electrodes with PAA showed a progressive capacity fading,
whereas for the others a rapid fade is noticed. Furthermore, the capacity fading
tends also to be progressive when increasing the CA content. Composite electrodes
made with a certain amount of CNTs and PAA are likely to manage the volume
expansion during insertion of Na by holding the particles electrically connected
and the decrease of capacity may be attributed to other limiting parameters and
processes.
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Figure 4.32: Electrochemical characteristics of ball-milled Na33.4Sn33.3Sb33.3. (a)
Cyclability, (b) Coulombic eﬃciency, (c) potential proﬁles at ﬁrst cycle, and (d)
potential proﬁles at second cycle. GCPL carried out at room temperature at various
current rates (15, 30, 60, 120, 240 mA/gAM) in the potential window 0.02-1.2 V vs.
Na+/Na. The electrode composite is composed of NaSnSb AM, PVDF binder and
CNTs CA, cycled in 250 µl of 1M NaClO4 in PC.
Figure 4.32 displays the rate capability of the presodiated ball-milled NaSnSb
composite electrodes (NaSnSb:PVDF:CNTs - weight ratio 8:1:1). The cells were
cycled in 250 µl of 1M NaClO4 in PC between 0.02-1.2 V vs. Na+/Na. They
were ﬁrst sodiated. Five current densities were selected (15, 30, 60, 120 and 240
mA/gNaSnSb).
The initial speciﬁc capacity and the cyclability of the electrodes are reduced
from 610 mAh/g to 150 mAh/g, as the current rate increases (Fig. 4.32 (a)). It
indicates that the transfer of Na+ ions to the active material is slower. The diﬀusion
of Na+ ions in the bulk Sn electrodes has no time and reactions just have time to
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happen at the surface. With decreasing current density, Na+ ions diﬀuse over a long
time period through the material and more particles take part to the ﬁrst sodiation
reaction.
On the voltage proﬁles (Fig. 4.32 (b)), more deﬁned plateaus centred at around
0.65 V, 0.5 V, 0.4 V and 0.05 V, are recorded for the electrode cycled at a rate of
15 mA/g. At low current density, the cyclability is extended over 30 cycles with
capacity decay. As the current density increases, the reaction plateaus are located
at lower potentials. At 240 mA/g, only little capacity is drawn out of the electrode
below 150 mAh/g (Fig. 4.32 (a)), while plateaus are not observed (Fig. 4.32 (b)).
At this current density, it is not favourable to the Na+ ions to diﬀuse through
the material to sodiate the particles. The potential proﬁle at the ﬁrst sodiation is
diﬀerent in shape than at the second sodiation, highlighting the restructuring of the
electrode material. Therefore, the sodiation reaction sequence has been changed. It
is diﬃcult to reach reation products when the current density increases.
The experiments highlight the high decomposition of the electrolyte onto the
electrode, leading to fast capacity fading. An improvement of the quality of the
interface between electrode and electrolyte is necessary to achieve high lifespan of
the electrode material.
4.3.5 Interface modiﬁcation: Electrolyte addition of FEC
Several recent works on the importance of the electrolyte selection on the cells'
performances have been published.60,213,61,206 A ﬁrst review on the electrolytes
currently used for NiB has been recently published by Ponrouch et al.58 In fact, for
NiB research (on the contrary to LiB research), a "standard electrolyte" is not yet
unanimously accepted.58 Based on a comparative study of various carbonate-based
electrolytes, an earlier work60 highlights that the electrochemical performances of
HC electrode in NiB is independent from the electrolyte properties, such as its ionic
conductivity or its potential window stability. The electrolyte formulation is one
of the parameters to optimise in the system in order to decrease the parasite side
reactions, such as electrolyte decomposition.
Throughout the literature, the experimental works on diﬀerent metal-based elec-
trodes have shown that the addition of a small amount of FEC enhances the cycle
performance of electrode materials displaying signiﬁcant volumetric expansion (de-
tail is found in Chapt. 3). Furthermore, in half cell conﬁguration, FEC addition
improves the reversible Na plating at the metallic Na counter electrode.214
Figure 4.33 reproduces the electrochemical behaviour of ball-milled NaSnSb neg-
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ative electrode material cycled in FEC-based electrolyte. The cells were cycled
in 250µl electrolyte (1 M NaClO4 + 2 vol% FEC) at a current rate of 30 mA/g
in the potential window 0.02-1.2 V vs. Na+/Na. A speciﬁc capacity of around
340 mAh/gNaSnSb is stabilised for 30 cycles with a slight capacity loss (about 5 %).
Most of the discharged capacity is recovered at the charging state, with a CE around
99 % (Fig. 4.33 (a)). At the 1st cycle, the irreversible capacity loss is about 20 %
of the initial capacity, due to the growth of the SEI induced by the decomposition
of the electrolyte (Fig. 4.33 (a)). A shoulder at around 0.7 V is related to the
decomposition of the FEC,214 while sloping plateaus at 0.39 V, 0.27 V and 0.02 V
correspond to the gradual sodiation of the active material (Fig. 4.33 (b)). From
the 2nd sodiation, sloping plateaus are observed at around 0.6 V, 0.43 V, 0.25 V
and 0.02 V. The plateau at 0.25 V shifts to around 0.33 V in the subsequent sodi-
ations. In contrast, the desodiation curve shapes are similar for all 30th cycles with
a shoulder around 0.22 V, a sloping plateau centred at around 0.6 V and a sharper
sloping plateau centred at around 0.85 V. The desodiation path is identical at each
cycle. A gradual loss of charge capacity of around 5 % is noticeable between the 1st
desodiation and 30th desodiation.
(a) (b)
Figure 4.33: Electrochemical characteristics of ball-milled
Na33.4Sn33.3Sb33.3:PVDF:CNTs (8:1:1) cycled in 250 µl of electrolyte (1M NaClO4 in
PC + 2 vol% FEC) compared to a cell cycled in a FEC-additive-free electrolyte. (a)
Cyclability, (b) selected potential proﬁles. GCPL carried out at room temperature
at a current rate of 30 mA/gAM in the potential window 0.02-1.2 V vs. Na+/Na.
Compared to the electrodes cycled under the same condition in an FEC-free elec-
trolyte (Fig. 4.33 (a)) (ball-milled NaSnSb:PVDF:CNTs), the cyclability of NaSnSb
is extended, the lifespan lasts for at least 3 times longer when FEC is added as inter-
face modiﬁer. The other signiﬁcant improvement is found in higher and more stable
reversible capacity upon cycling. With the addition of FEC, the fast decomposition
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of the electrolyte 1M NaClO4 in PC is prevented. FEC decomposes ﬁrst and creates
a better passivation layer onto the electrode than the SEI layer resulting from the
decomposition of PC. Moreover, the addition of FEC into the electrolyte suppresses,
to some extent, the decomposition of the PVDF binder, resulting in maintaining the
integrity of the electrode.206 According to literature, the decomposition of FEC at
a higher potential than those of the electrolyte constituents (salt and solvent) forms
an improved passivation layer onto the metallic electrode206,135 It is beneﬁcial for
the Na+ ions, which easily transfer through the SEI and interact with the active ma-
terial particles. The decrease of the plateau length for the electrodes cycled without
FEC indicates that the reactions are hampered with cycling.
Similar results were obtained for the electrode composites with diﬀerent binders
(PVDF, PAA and PAN). The cyclability of the electrodes is stabilised. Independent
of the tested binder, FEC is decomposed at each cycle due to volume changes of
the particles of active material until it is completely consumed. Then PC starts
decomposing. The electrode/electrolyte interface becomes less stable, resulting in a
fast capacity drop.
The apparition of a yellowish colour is observed on the separators of the cells
cycled in a FEC-additive-free electrolyte, similar to the observations reported by
Komaba et al.214 The colour corresponds to the reductive decomposition of the PC
electrolyte, typical for sodium propyl carbonate species.214 In contrast, the yellow-
ish colour is not observed when the cells are cycled in a FEC-additive electrolyte,
indicating that the PC decomposition is eﬀectively suppressed.214
4.3.6 Summary: Electrochemical characteristics of presodi-
ated powders
Reaction potentials, speciﬁc capacity, cycle performance, and ﬁrst cycle irreversible
capacity loss of the synthesised powders studied in this work were reported. The
inﬂuence of the Na content in the presodiated powders on the electrochemical prop-
erties were investigated. Additionally, several strategies, described in Chapter 3,
were implemented, such as particle size reduction, choice of binder, choice of con-
ductive additive and electrode-electrolyte interface modiﬁcation.
For a high loading electrode suitable for full cell applications (> 3.5 mg/cm2 of
active material), the following results were obtained:
- Sets of non-assigned reﬂections are observed on XRD patterns of NaxSnSb (x
= 0.22, 1, 1.33, 2), reﬂecting the formations of several unknown phases.
- Compared to HC electrode, the metallic NaxSnSb powders demonstrate higher
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speciﬁc capacities with an increase in value from 40% (for Na0.22SnSb) to 140% (for
NaSnSb).
- The ﬁrst cycle irreversible capacity loss of the NaxSnSb powders reduces when
x increases.
- The capacity degrades faster for the compositions, whose CE1stcycle exceeds 100
% (x > 1 in NaxSnSb). Extracting more Na+ ions than what has been electrochem-
ically inserted into the host material is detrimental to the structures' reversibility.
- As for SnSb powder, the reaction potentials of the presodiated powders are
located below 0.5 V vs. Na+/Na, making these metallic electrode materials attractive
as negative electrode materials.
- The presodiated powders NaxSnSb undergo profound structural changes at
the ﬁrst sodiation, reﬂected by the diﬀerence in potential proﬁle shape at ﬁrst and
subsequent sodiations.
- The (de)sodiation reaction sequences evolve with the NaxSnSb compositions
with a clear dividing line: powders with x < 2 (de)sodiate via the simultaneous
formation of several Na-Sb and Na-Sn amorphous phase intermediates (similarly to
SnSb electrode material), whose composition and phase content may vary with the
Na initially present in the presodiated powders.
- Na8SnSb desodiates via the addition of the desodiation mechanisms of Na15Sn4
and Na3Sb.
- Ball-milling NaSnSb induces disordering into the structures and particle size
reduction. UNP1 is identiﬁed on the XRD pattern.
- Compared under the same conditions (electrode composite and electrolyte com-
position), SnSb and NaSnSb powders synthesised by fusion of the elements demon-
strate higher speciﬁc capacities, improved cycling stability and enhanced Coulombic
eﬃciency at ﬁrst cycle than the ball-milled powders.
- The cyclability and reversible capacity increase with the crystallinity of the
presodiated NaSnSb powders. Yet, the ball-milled NaSnSb powders have a ﬁrst
sodiation capacity closer to the theoretical capacity.
As ball-milled NaSnSb electrode material demonstrates poor electronic conduc-
tivity, the selection of the conductive additive, functional binder and the electrolyte's
composition is essential to achieve long cycle performances of the ball-milled NaSnSb
electrode material:
- Comparable speciﬁc capacity (360 mAh/g) and cycle performance (10 cycles)
of ball-milled NaSnSb electrode material when no binder or polyvinylene diﬂuo-
ride binder are used. With the tested acrylate binders, a fast degradation of the
electrochemical properties of NaSnSb active material with polymethyl methacrylate
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binder is reported, whereas with polyacrylic acid binder, progressive capacity loss is
observed and the is cycle life extended by about 50 % with polyacrylonitril binder.
- Cyclability enhancement with the use of carbon nanotubes (CNTs) as conduc-
tive additive in the ball-milled NaSnSb electrode composite.
- A small addition of ﬂuoroethylene carbonate (FEC) in the electrolyte modiﬁes
eﬃciently the interface between NaSnSb-based electrode and the electrolyte, leading
to the enhancement of the cyclability.
The best electrochemical results in terms of cyclability and speciﬁc capacity were
obtained for the electrodes composed of ball-milled presodiated powder NaSnSb
active material and CNTs as conductive additive cycled in an electrolyte containing
FEC. The electrodes demonstrate a reversible speciﬁc capacity of 340 mAh/g, with
a capacity loss of 5 % after 30 cycles.
4.4 Alloying Mechanism
The alloying mechanism of SnSb electrodes in room temperature NiB has been re-
cently investigated by several groups178,179,182 in order to understand the (de)sodiation
reaction paths of this material (see 3.4.5 for more detailled information). These
groups highlight that the mechanism is rather complex and cannot be simply de-
rived from the superposition of the (de)sodiation alloying mechanisms of pure Sn and
pure Sb electrode materials. Furthermore, the knowledge collected over the years
about the (de)lithiation mechanism of SnSb in Li-ion cells cannot be transferred
to the (de)sodiation mechanism of SnSb in Na-ion cells.179 The potential proﬁles
of ball-milled NaSnSb and ball-milled SnSb electrodes exhibit some diﬀerences in
their shapes, especially at the ﬁrst sodiation (Fig. 4.30 (b)). This dissimilarity sug-
gests that the (de)sodiation reaction sequence diﬀers. Therefore, the (de)sodiation
mechanism of the presodiated sample NaSnSb was investigated. In parallel, SnSb
electrodes were studied to serve as reference in my system, allowing a possible com-
parison to literature results. In presodiated active materials, the Na insertion and
removal are facilitated, leading to a higher speciﬁc capacity, longer cycle life and to
a reduced irreversible capacity loss at the ﬁrst cycle (Fig. 4.30 (a)). Two techniques
have been conducted to investigate the structural changes of these electrodes upon
cycling: ex situ and in situ structural analyses. Preliminary results are reported and
discussed in this section.
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4.4.1 Ex situ X-ray diﬀraction
Powder XRD was carried out on cycled electrodes in order to collect information
on the phases formed during electrochemical sodiation and desodiation. The cells
were cycled to the desired potential, stopped, freshly disassembled into an argon-
ﬁlled glovebox, rinsed with PC to remove the residual electrolyte salt and dried
overnight in a vacuum oven at 60°C. The cycled electrode material was then re-
moved from the steel mesh current collector and sealed into a glass capillary of
0.5 mm in diameter. The capillary was mounted on a sample holder and measured
with a molybdenum X-ray source in Debye-Scherrer geometry in air-free environ-
ment (Fig. 4.6). The electrodes were composed of 90 wt% of ball-milled active
material (SnSb or NaSnSb, powder set B, Fig. 4.4 (b)) and 10 wt% of commercial
MWCNTs (MWCNTs NC7000TM , Nanocyl) to enhance the electronic conductivity
of the material.
The results of the GCPL tests of the cycled electrodes are reported on Figures
4.34 (a) and (b). Circles indicate the selected potential values for ex situ powder
XRD. Figures 4.34 (c) and (d) display the ex situ XRD patterns collected on the
cycled electrodes at the end of the ﬁrst, second and ﬁfth (de)sodiations. They are
compared to the XRD pattern of the non-cycled electrode composite, labelled as
pristine on the graph.
As for the powders synthesised by fusion (powder set A, Fig. 4.4 (b)), the pre-
sodiated ball-milled NaSnSb stores and withdraws more capacity, as the NaSnSb
electrode demonstrates a higher speciﬁc capacity than the non-presodiated SnSb
electrode material (Fig. 4.34 (a)). Additionally, the ﬁrst cycle irreversible capacity
loss is reduced by about 40 % when the electrode material is mechanically preso-
diated prior to cycling. The potential proﬁles have a comparable shape, suggesting
similar reaction paths at sodiation and desodiation between both electrode materials
(Fig. 4.34 (b)). Yet, a faster degradation is observed for the SnSb electrode, related
to the disappearance of the sodiation reaction plateau centred at 0.25 V.
The ex situ XRD patterns of all sodiated electrodes at 0.02 V are analogous (Fig.
4.34 (c) and (d)). This pattern is composed of two broad reﬂections centred at 9°2θ
and 15.5°2θ. They are characteristic of the formation of a nanosized/amorphous
phase. The ﬁrst broad reﬂection is, in fact, composed of two sharper reﬂections at
8.7°2θ and 9.7°2θ. According to Darwiche et al.179 and Baggetto et al.,182 these
broad reﬂections are associated with the formation of an amorphous Na3Sb phase.
Futhermore, comparable to their observations,179,182 no evidence of the formation
of NaxSn species was found in the ex situ XRD patterns. However, after post-
annealing at 95°C of a sodiated cycled SnSb electrode, Baggetto et al.182 report
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(c) (d)
Figure 4.34: (a) and (b) Cycling performances of ball-milled Sn50Sb50 compared
to ball-milled Na33.4Sn33.3Sb33.3 electrode materials,(c) and (d) corresponding XRD
patterns. Electrodes, composed of 90 wt% AM and 10 wt% CNTs, cycled to the
desired potential value at room temperature in 250 µl of 1M NaClO4 in PC, 30
mAh/gAM , 0.02-1.2 V vs Na+/Na.
the crystallisation of the Na3Sb phase. On the contrary of the cycled electrodes in
this set of experiments, which were annealed overnight at 60°C, no crystallisation
of the Na3Sb phase was observed. Within the Na-Sn-Sb nanocomposite, the atomic
diﬀusion is insuﬃcient to achieve long-range crystallisation of Na3Sb.182 The last
small broad reﬂection at around 19°2θ is the ﬁngerprint of the CNTs contained in
the electrode composite. The XRD pattern of these CNTs is displayed on Figure
B.10 in appendix.
The XRD patterns obtained for cells cycled to 1.2 V diﬀer with the starting
electrode material (Fig. 4.34 (c) and (d)), corresponding to two diﬀerent reaction
sequences, labelled U and V. The desodiation product at 1.2 V is predominantly the
phase SnSb. Traces of β(Sn) are visible on the patterns of NaSnSb electrode ma-
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Figure 4.35: Ex situ XRD patterns of the NaSnSb-based electrodes disassembled at
full sodiations. The electrodes were composed of ball-milled NaSnSb active material,
PVDF binder and CNTs CA and cycled in either FEC-additive-free, or FEC-additive
containing electrolyte.
terial. It may be the residual phase of β(Sn) phase present in the pristine material
or originate from the desodiation of amorphous NaxSn species. For the presodiated
electrode material NaSnSb (Fig. 4.34 (d)), the reﬂections associated to the SnSb
phase are still detected at the 5th desodiation (behaviour V). However, for the pure
SnSb electrode material, this SnSb phase clearly degrades upon cycling (behaviour
U) and the reﬂections, corresponding to this phase, are barely visible on the XRD
pattern at the 5th desodiation (Fig. 4.34 (c)). These last results diﬀer from litera-
ture results,179,182 which report that the structure of the electrode material remains
amorphous at the desodiated state. The diﬀerence in observation may originate
from the XRD sample preparation which were allowed to rest overnight at 60°C in
vacuum before measurement. The thermal energy was enough to allow the slow
reorganisation of the metastable amorphous into a more thermodynamically stable
phase. According to elemental chemical analyses carried out on postmortem preso-
diated cells, a certain amount of sodium is still present in the desodiated electrode
material cycled to 1.2 V. The sodium, still present in the structure, may migrate
onto the surface or into interstitial sites in the SbSn structure. This behaviour may
be the origin of the stabilisation of the crystallised SnSb phase. From the work of
Roennebro et al.215 on the Li-Sb-Sn system, the authors observed that Li atoms
stabilise the SnSb network. It is reasonable to extend this hypothesis to the Na-
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Sb-Sn system as Na+ ions have similar behaviours and characteristics like Li+ ions.
Na chemistry is partially similar to the Li chemistry. The authors report that Li
cations may migrate into interstitial sites over time.215 As Li+ ions are smaller than
Na+ ions, it is reasonable to deduce that Na+ ions will diﬀuse less easily into the
SbSn network.
At the 11th cycle, the speciﬁc capacity of NaSnSb electrode material, cycled
in a FEC-additive-free electrolyte, collapses. The addition of a small amount of
FEC into the electrolyte enhances the cyclability of NaSnSb electrode material (Fig.
4.33 (a)). All ex situ XRD patterns of desodiated electrodes at 1.2 V show the
crystallisation of the SnSb intermetallic. In contrast, the ex situ XRD patterns of
sodiated electrodes at 0.02 V diﬀer, displayed on Figure 4.35. The cells were cycled
either in a FEC-additive-free or FEC-additive-containing electrolyte. At the 15th
sodiation, the ex situ XRD data reveal that the phase SnSb is present, when the
cell is tested in a FEC-additive-free electrolyte (behaviour W). In contrast, when
NaSnSb is cycled in a FEC-additive-containing electrolyte, the post mortem analysis
shows the reversibility of the pattern, composed of the broad reﬂections, associated
with the formation of the amorphous Na3Sb179,182 (Fig. 4.35). FEC supresses the
decomposition of the PVDF binder and the integrity of the electrode is therefore
maintained.206 Without FEC, the PVDF binder and the electrolyte decompose and
create a SEI layer which thickens upon cycling. When the SEI becomes too thick, it
insulates the electrode material and Na+ ions cannot transfer through the SEI layer
to react with the active material. As a consequence, it results in identical XRD
patterns at the end of sodiation and desodiation, being the crystallised SnSb phase.
Table 4.1: Ex situ XRD preliminary experimental results of cycled electrodes at the
end of sodiation at 0.02 V and end of desodiation at 1.2 V vs Na+/Na. Letters U,
V, W refer to a typical behaviour discussed in the text.
Electrolyte additive No FEC FEC
SnSb:MWCNTs
1st - 2nd - 5th cycles U U
NaSnSb:MWCNTs
1st - 2nd - 5th cycles Start with Start with Start with Start with
sodiation desodiation sodiation desodiation
V V V V
NaSnSb:MWCNTs:PVDF
1st - 2nd - 15th cycles Start with Start with Start with Start with
sodiation desodiation sodiation desodiation
W W V -
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Table 4.1 summarises the typical behaviours of ex situ XRD patterns obtained
for various electrode composites whose cells were cycled under diﬀerent conditions.
Ball-milled SnSb or ball-milled NaSnSb were chosen as active material (AM). The
electrode composite were composed of AM, 10 wt% MWCNTs either with or without
10 wt% PVDF binder. The cells were cycled in 250 µl of either FEC-additive-free
or FEC-additive-containing electrolyte. The presodiated sample NaSbSn was either
sodiated or desodiated at the ﬁrst cycle.
Post mortem analyses followed by ex situ XRD do not take into account the
kinetics of reactions. Therefore, in situ experiments were carried out to follow the
evolution of the structures of NaSnSb powder upon cycling.
4.4.2 In situ synchrotron experiments
Ex situ XRD revealed interesting features of the Na-Sb-Sn electrodes. Further inves-
tigation were conducted in order to pair structural information with electrochemical
information via in situ synchrotron experiments. A summary on the principle of
operation of synchrotron facilities is reported in appendix B.4.1.
PETRA III line P02.1, DESY, Hamburg, Germany
Appendix B.4.2 summarises the characteristics of PETRA III. The beamline P02.1 is
designed to allow hard X-rays with high brilliance and/or a small focus to interact
with the sample. It is ideal for high resolution powder diﬀraction with an X-ray
beam high in energy (short wavelength). The experimental hutch is represented on
Figure 4.36. The photon beam enters the hutch from the right hand side. The area
detector allows a fast acquisition of diﬀraction patterns (rate up to 15 Hz). Further
detail about the P02.1 line is published by Dippel et al.216 For in situ synchrotron
experiments, modiﬁed 2025 coin cells were mounted onto a sample holder to collect
diﬀraction patterns at a wavelength of λ = 0.2076 A˚, while the cell is connected to
a potentiostat (Biologic) to carry out electrochemical tests (Fig. 4.36 (c)).
The materials of interest were tested in half cell conﬁguration (Fig. 4.36 (d)).
The in situ cells were assembled inside an argon-ﬁlled glovebox (O2 and H2O <
0.1 ppm). The working electrodes are composed of 90 wt% of AM and 10 wt%
of commercial MWCNTs. The electrode composite was dry-mixed with a mortar
and pestel. The composite was mechanically pressed (2T) onto a Cu mesh current
collector. A single Whatman glass ﬁbre separator was used in the assembly, im-
pregnated with 150 µL of 1 M NaClO4 in PC with the addition of 2 vol% FEC as
electrolyte additive. The Kapton tape windows assure the X-rays to pass through




Figure 4.36: (a) Schematic experimental hutch, the beam comes from the right
hand side,216 (b) trottinettes for fast displacement around the facilities, (c) P02.1
line PETRA III, DESY Hamburg, with mounted in situ cells. 1: 8-sample-holder,
2: potentiostat, 3: goniometer, 4: 2D detector, and (d) In situ coin cell 2025,
disassembled and assembled.
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the cell without interacting with the stainless steel cell case material.
Several experiments were carried out to investigate the reaction mechanism of
presodiated electrodes and compared them to the non-presodiated SnSb electrodes.
Simultaneously, electrochemical and structural information was recorded, as pic-
tured in Figure 4.37.
(a) (b)
Figure 4.37: Typical recorded information of the samples tested at the experimental
hutch P02.1 (a) structural (b) electrochemical.
Four compositions were selected for in situ synchrotron experiments: the non-
presodiated intermetallic SbSn and the presodiated compositions Na0.22SbSn, NaS-
bSn and Na8SbSn. All compositions were ball-milled prior to use as AM in the elec-
trode composite. For each sample, one synchrotron diﬀraction pattern was recorded
every 10 min with an exposure time to the upcoming beam (λ = 0.2076 A˚) of 30 s.
The samples were measured in the range of 1○ ≤ 2θ ≤ 15○.
Preliminary results
Even though, the electrochemical tests report that the potential of the electrode
materials changes upon cycling, indicating a reaction between the active material
and the Na+ ions, no clear structural changes are recorded upon cycling. As metallic
Na, used as counter electrodes, was not centred, it may be that the material did
not react locally in the area hit by the X-rays beam, therefore no structural changes
could be recorded. Additionally, the current density may have been set too fast (60
mA/gAM). The entire sample was therefore not allowed to react with Na due to
low solid state diﬀusion. Not enough material has reacted to give a clear change in
structural information.
The electrode composite (ball-milled NaSnSb:MWCNTs) used for in the situ
synchrotron experiment was analysed by XRD with a molybdenum X-ray source
(as described in section 4.1.2) prior to cell assembly and compared to the powder
NaSnSb on its own, displayed on Figure 4.38 (a). Its XRD pattern is identical to the
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(a) (b)
(c) (d)
Figure 4.38: In situ synchrotron powder diﬀraction patterns coupled with electro-
chemical data. (a) XRD pattern (λMo) of the electrode composite prior to in situ
experiment, (b) complete series of synchrotron diﬀraction patterns, (c) evolution of
the potential proﬁle, (d) selected synchrotron diﬀraction patterns. Roman numbers
indicate the position of a speciﬁc pattern onto the galvanostatic test. Ball-milled
NaSnSb:MWCNTs desodiated ﬁrst and cycled at 30 mA/gAM between 0.01-1.5 V
vs. Na+/Na.
powder NaSnSb, composed of broad and sharper reﬂections. The phase β(Sn), the
ternary phase Na5Sb3Sn, the precursor Sb powder and the unknown phase UNP1
are identiﬁed within the XRD in situ pristine pattern.
Figure 4.38 reports the structural and electrochemical results obtained for the
presodiated ball-milled sample NaSbSn when the Na counter electrode is placed in
the middle of the counter electrode. The evolution of the synchrotron diﬀraction
patterns upon cycling is displayed on Figure 4.38 (b). Structural changes occur
within the working electrode material. The reﬂections associated with the pristine
material vanish as the electrode is sodiated. An intermediate phase with broad
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reﬂections appears on the patterns as the potential reaches 0 V. The reﬂections of
this unknown phase are stable as desodiation occurs and disappear as the potential
increases. New more deﬁned reﬂections appear at several angles, suggesting the
formation of a new phase as electrochemical cycling proceeds.
Figures 4.38 (b), (c) and (d) display the structural and electrochemical informa-
tion recorded by in situ synchrotron experiment of NaSnSb active material. The
cell was cycled at a current rate of 30 mA/g in the potential window 0.01-1.5 V vs.
Na+/Na. NaSnSb active material was desodiated ﬁrst from the OCV (1.1 V) up to
the potential of 1.5 V. The series of patterns plotted on Figures 4.38 (b) and (d)
show that the electrode material undergoes structural changes upon cycling. The
indexed reﬂections of the Cu current collector and Na counter electrode are stable
upon cycling, while sets of other reﬂections vanish and/or (re)appear, indicating
phase transformation and (re)formation. For instance, β(Sn) and the intermetallic
SnSb phases vanish as the sodiation process occurs (labels I to IV). The reﬂections
of both phases are identiﬁed at the end of the desodiation process (label VII), in-
dicating that both phases reversibly reform. The reformation of the SnSb phase
at full desodiation observed by synchrotron experiments is in accordance with the
observations recorded by ex situ XRD experiment (Fig. 4.34). During the sodia-
tion process (labels I to IV - Fig. 4.38 (c)), an amorphous phase gradually forms,
indicated by the two broad reﬂections centred at around 2.5°-2.75°2θ and 4.5°2θ
and vanishes as the desodiation mechanism takes place (Fig. 4.38 (d)). A similar
signature was reported by ex situ XRD experiments (Fig. 4.34). It may be related
to the formation of the amorphous Na3Sb phase.179 It is diﬃcult to conclude on the
presence and evolution upon cycling of the ternary phases Na5Sb3Sn and UNP1 in
the synchrotron diﬀraction patterns, due to the diﬀerence in signals between these
phases and the well deﬁned signals from the Cu current collector and Na counter
electrode. Reﬁned synchrotron diﬀraction patterns (labels I and VII) are reported in
appendix B.4 Figure B.15, highlighting the crystallisation of the SnSb intermetallic
in the desodiation states.
4.4.3 Summary: Alloying mechanism
For a high loading electrode suitable for full cell applications (> 3.5 mg/cm2 of
active material), the alloying mechanism of SnSb and NaSnSb electrode materials
diﬀer.
- Identical to literature results, the sodiation product of both active materials
corresponds to an amorphous Na3Sb phase, while no evidence of the formation of
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NaxSn species is observed.
- Upon cycling, the sodiation products of NaSnSb electrode material degrade
when the electrodes are cycled in a FEC-additive-free electrolyte, because the elec-
trolyte and PVDF binder gradually decompose. Consequently, the Na+ ion transfer
is hampered and the integrity of the electrode not maintained.
- On the contrary to literature results, the electrode materials do not remain
amorphous in desodiated states. Instead, the crystallisation of the SnSb intermetallic
is observed according to ex situ and in situ structural experiments.
- At desodiated state, the crystallisation of the SnSb intermetallic is reversibly
observed for NaSnSb electrode material while degrades upon cycling for SnSb elec-
trode material.
Through the search of a potential negative electrode material, it was highlighted
the existence of unidentiﬁed phases in XRD data. Moreover, the ternary phase di-
agram Na-Sn-Sb was never studied in literature. For the ﬁrst time, an attempt of
the ternary phase diagram Na-Sn-Sb at room temperature is given in the following
as well as possible ternary phases candidates. The knowledge built up about the
phases present in the room temperature ternary Na-Sb-Sn phase diagram may bring
new insights on the understanding of the sodiation and desodiation mechanisms of
SnSb-based electrodes.
4.5 Phases' determination for ternary phase dia-
gram assessment
The XRD patterns of the synthesised NaSnSb powders (Fig. 4.26 (a)) feature an
identical set of non-assigned reﬂections, reﬂecting the crystallisation of the same
ternary phase UNP1, not yet reported in literature. Additionally, the diﬀerence
plots, resulting from the Rietveld reﬁnement of the Na40Sb30Sn30 and Na10Sb45Sn45
powders (Fig. 4.20 (d) and (e)), highlight the existence of at least two other un-
known phases, crystallising in the Na-Sn-Sb ternary system. This section describes
a ﬁrst step in the determination of the ternary phases in the Na-Sn-Sb system,
which could become interesting in the future for identifying the phases stabilised by
electrochemical routes in SnSb-based room temperature NiB. Solid state knowledge
in this ﬁeld are, in fact, required. Moreover, the ﬁrst assessment of the Na-Sn-Sb
ternary phase diagram at room temperature is reported with the prediction of the
possible formation of new structures in the system Na-Sb-Sn based on the results
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of the CALPHAD method coupled with ﬁrst principle calculations using DFT. All
calculations were carried out by Dr. Liya Dreval.
4.5.1 Synthesis of monophasic phases
Additional synthesis parameters were investigated to separate the phases observed
in the powders, and hence obtained single phase XRD patterns to characterise the
unknown phases. The experimental results are displayed in appendix B.2.5. The
investigated parameters include:
1) the synthesis routes: fusion / mechanochemistry (high energy ball milling),
2) the composition NaxSbySnz,
3) the annealing temperature: 300°C / 500°C / 700°C,
4) the annealing time: no annealing / 2h / 2 days,
5) precursors: Na + Sb + Sn / NaSn + Sb / NaSnSb,
6) ball milling time: from 1h to 30h eﬀective milling.
Using powder XRD to solve the structure of an unknown phase requires to syn-
thesise a powder containing a single phase or to isolate a single crystal. The vari-
ations of these parameters did yield neither to obtain a homogeneous monophasic
powder nor to isolate a single crystal. The isolation of a single crystal, corresponding
to one of the unidentiﬁed phases, within the synthesised polyphasic powders, would
allowed the possibility of performing in depth single crystal XRD to characterise the
structure of the unknown phase.
In order to fully index the patterns of NaSnSb powders, an attempt was made
to solve the structure of the ternary unknown phase UNP1, using the polyphasic
powder XRD pattern.
4.5.2 Solving the structure of the unidentiﬁed phase UNP1
Solving the structure of an unknown phase is quite diﬃcult from multiphasic powder
XRD patterns because the indexation of the reﬂections belonging to an unknown
phase is cumbersome due to the possible overlapping of reﬂections from other phases.
The approach is summarised within the Figure 4.39 and described in detail in the
text.
Partial Rietveld reﬁnements on XRD patterns corroborate the existence of the
crystallisation of the ternary phase UNP1 in several compositions and synthesis
parameters. It was found, for instance, that the powders with nominal compositions
Na33.4Sb33.3Sn33.3 (Fig. 4.16 (c)) and Na20Sb30Sn50 (Fig. 4.40 (a)) (powder set
A, Fig. 4.4 (b)) show a similar diﬀerent plots after partial Rietveld reﬁnement,
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Figure 4.39: Steps to solve an unknown structure with a powder X-ray pattern.
indicating that the same unidentiﬁed phase UNP1 has crystallised. The increase of
the intensities of the unidentiﬁed phase with increasing Sn content suggests that the
composition of the unknown phase is shifted towards the Sn-corner of the Na-Sn-Sb
ternary phase diagram. Therefore, the XRD pattern of the powder with nominal
composition Na20Sb30Sn50 was used as starting point for an attempt to solve the
structure of the unknown phase UNP1, contained also in NaSnSb powder.
Figure 4.40 displays the XRD pattern and SEM photographs of the powder with
nominal composition Na20Sb30Sn50 in at%. Particles of around 100 µm compose the
powder. Some of the particles consist of a layered structure with lamellae of 0.1 to
1 µm in thickness, indicated by an arrow on the picture 4.40 (b) and zoomed (c)
and (d).
A careful phase identiﬁcation on the XRD pattern, including impurity phases, is
necessary to successfully index the reﬂections belonging to the unidentiﬁed phase.
Chemical analysis ICP-OES reveals that about 1 at% of Ta impurities is present
in the sample Na20Sb30Sn50 (see in appendix Table B.1), contamination originating
from the reaction vessel. From the same analysis, the average atomic composition
is Na0.209Sb0.305Sn0.475, which is in good agreement with the nominal composition
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(a) (b)
(c) (d)
Figure 4.40: (a) XRD pattern, (b) through (d) SEM images, of the powder with
nominal composition Na20Sb30Sn50 in at%. Vertical lines mark the Bragg positions
of known phases.
(variation of less than 5%). The quantity of non-metallic impurities, such as O,
N, and H was also measured and reported in appendix in Table B.2. Negligible
values were found in the powders. Phase identiﬁcation (Fig. 4.40 (a)) reveals the
presence of two identiﬁed phases, the ternary phase Na5Sb3Sn, crystallising in a
structure in the monoclinic space group P121/c1 (No. 14) with lattice parameters a =
18.5940(60) A˚, b = 9.181(4) A˚, c = 12.493(5) A˚ and β = 98.3(1) A˚ (ICSD # 76495193)
and β(Sn), which crystallises in a structure in the tetragonal space group I41/amd
(No. 141) with lattice parameters a = b = 5.831 A˚ and c = 3.182 A˚ (ICSD # 40037217).
No impurity phases were found (neither Ta-based phases nor oxides). By reﬁning
partially the structure models of these two phases by the Rietveld method, the
resulting diﬀerence plot between the observed and calculated patterns (Fig. 4.40
(a)) gives a ﬁrst approximation of a potential "ghost" pattern of the unknown phase
UNP1, pictured on Figure 4.41.
For the indexation of the extracted intensities, the programs Treor and Dicvol,
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Figure 4.41: Ghost pattern of the unknown ternary phase UNP1: extracted in-
tensities ∆I from the reﬁned pattern of the powder with nominal composition
Na20Sb30Sn50 in at%.
embedded into the Fullprof Suite software, are used to evaluate the possible symme-
try of the unknown structure. A large hexagonal unit cell (P6 symmetry) was found
as a possible solution by both programs. After reﬁnement of the unit cell parame-
ters using a LeBail ﬁt (Fig. 4.42) and taking into account the two reﬁned identiﬁed
phases Na5Sb3Sn and β(Sn), the unidentiﬁed phase may have a hexagonal structure
with cell parameters a = b = 11.26 A˚ and c = 15.66 A˚. The ﬁt between observed and
calculated patterns is greatly improved (Fig. 4.42 (a)). As the powder with nominal
composition Na33.4Sb33.3Sn33.3 can be also ﬁtted with the identical LeBail ﬁt and
the same cell parameters, the two powders share the same region of the Na-Sb-Sn
ternary phase diagram.
A set of hkl values is extracted from the LeBail ﬁt. A direct space group de-
termination with the help of the Checkgroup program was unsuccessful. In fact,
this program requires a very accurate indexation of the reﬂections to ﬁnd out the
systematic extinction rules, leading to the determination of the speciﬁc space group.
As the polyphasic powder does not allow a precise indexation of the reﬂections be-
longing to the unknown phase, other strategies were implemented. The ﬁrst strategy
is based on the comparison of the phases equilibria in systems that are close in na-
ture and interaction behaviour. The alkali metal lithium and potassium and their
respective ternary systems Li-Sb-Sn and K-Sb-Sn were chosen. In these systems, the
existence of the phases K5Sb3Sn,218 K8Sb4Sn,193 K3Sb3Sn,219 KSbSn,220 LiSbSn221
were reported in literature. Table 4.2 compares the phases existing in the three sys-
4.5. PHASES' DETERMINATION FOR TERNARY PHASE DIAGRAMASSESSMENT149
(a) (b)
Figure 4.42: Reﬁned XRD patterns including a LeBail ﬁt with a P6 symmetry: pow-
ders with nominal composition in at% (a) Na20Sb30Sn50, and (b) Na33.4Sb33.3Sn33.3.
tems Li-Sb-Sn, Na-Sb-Sn, K-Sb-Sn with their relative space groups in which they
crystallise.
Table 4.2: Existing phases and their respective space groups (in parentheses) in the
Li/Na/K-Sb-Sn ternary systems.
Li-Sb-Sn Na-Sb-Sn K-Sb-Sn
LiSbSn (P63mc) KSbSn (P63mc)
Na5Sb3Sn (P121/c1) K5Sb3Sn (P121/c1) K10(Sb2(SnSb2)2) (P121/n1)
Na8Sb4Sn (Fd3¯mS ⎪ Fd3¯mZ) K8Sb4Sn (Fd3¯mS)
K3Sb3Sn (C12/m1)
Li2.78Sb0.22Sn (Fm3¯m)
The space groups of K5Sb3Sn and K8Sb4Sn are identical to those of the phases
Na5Sb3Sn and Na8Sb4Sn, respectively. It is reasonable to assume that other phases
formed in the K-Sb-Sn and in the Li-Sb-Sn systems may also exist in the Na-Sb-
Sn system with an isomorphic Na substitution. With the help of DFT, electronic
structure calculations show that the formation of the intermetallics Na3Sb3Sn and
NaSbSn with identical stoichiometry and crystal structures, are thermodynamically
stable.176 However, these calculations reveal that the phase NaSbSn with the struc-
ture type LiSbSn has a higher total formation energy than with the structure type
KSbSn.176 This diﬀerence in formation energy is due to the rather rigid Sb sublat-
tices, being strained hexagonal primitive for the LiSbSn structure and in hexagonal
ABAB stacking order for KSbSn.176 Thus, it may be expected that an intermetallic
phase isomorphous to KSbSn may exist in the NaSbSn system.176
The second strategy is to compare the crystallographic parameters evaluated
by the LeBail ﬁt to those of compounds, collected in the ICSD database,106 with
the assumption that these cell parameters found are close to the real unit cell. To
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some extend, two ternary compounds, crystallising in a hexagonal structure, satisfy
these dimensions of the reﬁned unit cell parameters, the intermetallics LiMg2Zn3
(ICSD # 104754222) and Dy6W4Al43 (ICSD # 658871223). LiMg2Zn3 crystallises in
a structure in the hexagonal space group P63/mmc (No. 194) with lattice parameters
a = b = 10.460(5) A˚ and c = 17.050(6) A˚, while the space group of Dy6W4Al43 is
P63/mcm (No. 193) with lattice parameters a = b = 10.994(1) A˚ and c = 17.000(2) A˚.
DFT calculations conﬁrm that the phases NaSb2Sn3 and Na6Sb4Sn43 may form in
the system Na-Sb-Sn.176
4.5.3 The ternary Na-Sn-Sb system
Several potential ternary phases may be stable in the ternary phase digram according
to DFT calculations.176 The ﬁrst assessment of the ternary Na-Sb-Sn phase diagram
at room temperature is reported and a discussion is provided on the possible phases
formed in the synthesised powders for this work.
The ternary phase diagram of the system Na-Sb-Sn was, up to now, not yet in-
vestigated. The information about this diagram is limited to the terminal solid solu-
tions, the binary phases from the three binary phase diagrams,176 the two ternary in-
termetallics193,194 reported in literature, and the powders synthesised for the present
experimental work. A short description on the binary phase diagram is given in the
appendix B.5.1 as well as a table reporting all known phases of the Na-Sn-Sb ternary
system (Table B.4). The CALPHAD method was applied, including all phases re-
ported in literature. The resulting calculated ternary phase diagram is found in
appendix, Figure B.17. The synthesised powders (powder set A, Fig. 4.4 (b)) are
reported to this calculated ternary diagram and a short discussion is provided in
appendix B.5.2.
The corresponding thermodynamic models of the potential phase candidates
Na3Sb3Sn, NaSbSn, NaSb2Sn3 and Na6Sb4Sn43 were incorporated into the database
for the CALPHAD method, and the isothermal sections at 298 K including these
phases were calculated. The resulting ternary phase diagrams are displayed on
Figure 4.43. From the calculations, it is evident that Na3Sb3Sn does not correspond
to the unknown compound UNP1 since this phase is separated from the samples
containing UNP1 by a two-phase Na5Sb3Sn + SbSn ﬁeld (Fig. 4.43 (a)). In fact,
SnSb phase was not identiﬁed in the XRD patterns (Fig. 4.42). The composition of
Na0.368Sb0.338Sn0.294 (in mole fractions, according to the elemental chemical analysis
reported in appendix B.1) almost coincides with the NaSbSn phase (Fig.4.43 (b)).
However, the second Na0.199Sb0.397Sn0.491 (in mole fractions) sample must appear
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Figure 4.43: Calculated ternary phase diagrams with possible ternary candidate
phases. (a) with Na3Sb3Sn phase, (b) with NaSbSn phase, (c) with NaSb2Sn3 phase,
and (d) with Na6Sb4Sn43.176 Circled are the two compositions discussed in the text
where UNP1 crystallises.
in the three-phase NaSbSn + SbSn + β(Sn) region, which does not agree with
the XRD experimental results (Fig. 4.42). It should be noted that the Bragg
positions of neither K3Sb3Sn nor KSbSn allow the clariﬁcation of the XRD patterns
of the samples (Fig. 4.42). On the other hand, considering the results of the DFT
calculations and the fact that the compounds with the same stoichiometry may
appear in (K, Li, Na)SbSn systems, it is possible that Na3Sb3Sn and/or NaSbSn
phases may be stable at higher temperatures in the NaSbSn system. It should
be noted that the proposed compositions enriched in Sn correlate well with the fact
that the intensities of the unknown phase increases with increasing Sn content. From
Fig. 4.43 (d), it is clear that Na6Sb4Sn43 is not a good candidate for the unknown
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phase UNP1, since both of the samples appear in the three-phase Na5Sb3Sn + SbSn
+ Na6Sb4Sn43 ﬁeld, and the occurrence of SbSn phase is not corroborated by XRD
results (Fig. 4.42). With NaSb2Sn3 phase accepted as unknown phase UNP1 Fig.
4.43 (c), the agreement between the experiment and calculations is satisfactory for
both samples. Na0.368Sb0.338Sn0.294 (in mole fractions) corresponds to the two-phase
Na5Sb3Sn + NaSb2Sn3 region and the phases Na5Sb3Sn and UNP1 were found with
the powder XRD (Fig. 4.42 (b)). Similarly, Na0.199Sb0.397Sn0.491 (in mole fractions)
corresponds to the three-phase Na5Sb3Sn + β(Sn) + NaSb2Sn3 region, in agreement
with the powder XRD data, where Na5Sb3Sn, β(Sn) and UNP1 were found (Fig.
4.42 (a)).
LiMg2Zn3 crystallises in the space group P63/mmc with cell parameters of a =
b = 10.46 A˚ ; c = 17.05 A˚. (ICSD # 104754222). A direct subgroup of P63/mmc
was found to match most of the reﬂections not yet indexed. However, when the
unidentiﬁed phase was reﬁned by Rietveld method using this subgroup P 6¯m2 with
a derived chemical model from LiMg2Zn3, where Li atoms are replaced by Na atoms
and Mg and Zn are either replaced by Sb or Sn, it does not reach convergence and the
relative intensities calculated do not match for all reﬂections with those observed.
A similar composition and chemical model to LiMg2Zn3 may exist with a direct
subgroup of P63/mmc. P 6¯m2 is a possible highest symmetry space group for the
unidentiﬁed phase UNP1. However, several non-indexed weak reﬂections observed in
P 6¯m2 space group, which are located near the main reﬂections of the unknown phase
indicates that the symmetry is lowered to monoclinic, i.e. α = γ = 90° and β ≠ 120°.
High resolution data are needed to solve the structure of this unidentiﬁed phase by
ab initio calculations, for instance by direct method or simulating annealing. As the
X-ray scattering power of Sb is very similar to the one of Sn, it may be interesting
to couple high resolution data from synchrotron diﬀraction and neutrons diﬀraction
of freshly synthesised powder sealed in inert gas. Another strategy to resolve the
structure is to isolate a single crystal to be characterised by single crystal XRD or
a micro single crystal diﬀraction.
4.5.4 Summary: Phases' determination in the Na-Sn-Sb sys-
tem
In this study, two simple, cheap and easy-to-scale-up synthesis routes (fusion and
high energy ball milling) have been proposed to prepare Na-Sb-Sn-based negative
electrode materials for room temperature NiB.
- A ﬁrst assessment of the Na-Sb-Sn ternary phase diagram at room temperature
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is proposed.
- The existence of previously not reported ternary phases present in the Na-Sn-Sb
system is evinced throughout structural analyses.
- The variations of synthesis parameters did yield neither to obtain a homoge-
neous monophasic powder, that contains an unknown phase, nor to isolate a single
crystal.
- UNP1 may consist of a layered structure, according to SEM observations.
- The unknown phase UNP1 contained in the NaSnSb powders and present in
majority in Na20Sb30Sn50 at% may crystallise in the hexagonal crystal system (P6
symmetry) with a large unit cell with cell parameters a = b = 11.26 A˚ and c = 15.66 A˚,
according to the LeBail ﬁt.
- UNP1 is likely a derived chemical model of NaSb2Sn3 with P 6¯m2 as possible
highest symmetry space group.
- The ternary phases Na3Sb3Sn, NaSbSn, NaSb2Sn3 and Na6Sb4Sn43 may form
in the Na-Sn-Sb ternary phase diagram.
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Chapter 5
Conclusions & Future Work
Sodium batteries operating at room temperature are an interesting alternative to
current energy storage systems for stationary applications, especially to assist renew-
able energy generation sources. The lack of competitive negative electrode materials,
in terms of low fabrication costs, high capacity, long lifespan and reduced ﬁrst cycle
irreversible capacity loss, limits the commercialisation of these batteries in the large
scale energy storage market. Bulk metallic negative electrode materials suﬀer from
severe degradation due to the drastic volume changes consecutive to (de)sodiation
processes.
In this experimental work, a new strategy to alleviate the extreme volume vari-
ations by presodiating mechanically bulk metallic negative electrode materials prior
to cycling, is presented and explored.
Sodium-tin-antimony alloys were investigated electrochemically and structurally.
Several Na-Sn-Sb powders were synthesised by two easy-to-scale-up synthesis routes:
fusion and ball milling. Powders with an identical composition but structurally and
morphologically diﬀerent were synthesised. The morphology of the powder particles
were observed by scanning electron microscopy, the structures identiﬁed by X-ray
diﬀraction supported by Rietveld analysis, and the electrochemical responses were
followed by cyclic voltammetry and by galvanostatic cycling tests. The loading of
the active material on the electrodes was between 3.8 and 7.8 mg/cm2, corresponding
to a suitable loading for full cell applications. This load is superior to the loading
of the electrodes (nano or micro range) described in most literature experiments.
Mechanically presodiating Sn prior to electrochemical testing leads to an en-
hancement of the speciﬁc capacity of the electrode material and the irreversible
capacity loss at the ﬁrst cycle has been eﬀectively reduced to 0.04 % by the me-
chanical presodiation of bulk Sn, while literature studies report a minimum of 20
% of irreversible capacity at ﬁrst cycle. A similar result is obtained for the powder
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NaSnSb when compared to non-presodiated SnSb. From all crystalline powders, the
composition NaSnSb, composed of the ternary phase Na5Sb3Sn and a new not yet
reported ternary phase, delivers the highest speciﬁc capacity of around 360 mAh/g,
an increase of around 140 % and 30 % compared to the capacities of hard carbon and
non-presodiated SnSb powder, respectively. The speciﬁc capacity is also enhanced
for presodiated ball-milled NaSnSb when compared to non-presodiated ball-milled
SnSb. It was found that the common electrode composite formulation, composed
of CB and PVDF, is not adequate for these powders to obtain long cycle life of the
electrode material. Various binders and carbon conductive additives were tested.
Improved cycle life is obtained with the use of carbon nanotubes. From the tested
binders of the acrylate family, no speciﬁc bonds between binder and particles were
created, leading to comparable electrochemical results when no binder is used. The
modiﬁcation of the electrode/electrolyte interface by the addition of ﬂuoroethylene
carbonate into the electrolyte results in an extended cycle life of the NaSnSb elec-
trode, demonstrating a reversible capacity of 340 mAh/g with a capacity loss of 5
% over 30 cycles.
The structural changes of the material upon cycling were followed by ex situ XRD
and in situ synchrotron experiments, revealing that the stabilisation of the electrode
with NaSnSb is related to the stabilisation of the SnSb structure as desodiation
product. On the other hand, the amorphous intermediates at full sodiation are
stabilised with the addition of ﬂuoroethylene carbonate into the electrolyte, resulting
in an enhancement of the lifespan of the electrode material.
Unknown ternary phases were identiﬁed in X-ray diﬀraction patterns of syn-
thesised powders. Eﬀorts were made to solve the structure of the unknown phase
contained in NaSnSb powder, which was found to crystallise in a hexagonal setting
P6 with lattice parameters a = b = 11.26 A˚ and c = 15.66 A˚. Potential ternary
phase candidates, NaSbSn, Na3Sb3Sn, NaSb2Sn3 and Na6Sb4Sn43, are suggested to
be thermodynamically stable, leading to the ﬁrst assessment of the room temper-
ature Na-Sb-Sn ternary phase diagram. The unknown phase contained in NaSnSb
powders is likely to be a derived chemical model of NaSb2Sn3, crystallising in the
highest P 6¯m2 direct subgroup with a slight distortion of γ angle. This diagram
may become an important output to bring new insights on the alloying mechanism
of Sn-Sb-based electrodes.
This research work has opened up several new questions for future work. New
phases were identiﬁed in the ternary phase diagram Na-Sb-Sn. Careful experimental
work, for instance synchrotron coupled with neutron experiments, combined with
theoretical approaches, such as ab-initio structural determination or simulated an-
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nealing, could lead to the full assessment of this diagram, which is beneﬁcial not
only to the battery research community but also to complete the phase diagram
database. The new potential ternary phases have to be studied in more detail to
fully characterise the crystal structures and properties. NaSb2Sn3 powder could be
synthesised to determine if this composition is a thermodynamically stable phase
of the ternary phase diagram, to validate the chemical composition of one of the
unknown phases and to be tested as presodiated negative electrode material due to
its higher Sn content (theoretically higher capacity stored in Sn than in Sb). The
presodiated NaSnSb powder could be cycled in a full cell conﬁguration, alleviating
issues related to the metallic Na counter electrode. The electrolyte and electrode
composite formulation should be developed further, according to the active material
to create speciﬁc synergistic properties. A similar study, as for the conductive addi-
tives, could be carried out on the eﬀect of a progressively increasing binder contents.
An additive, which could simultaneously increase the cohesion among the particles
and the current collector and enhance the electronic conductivity of the electrode,
could be beneﬁcial. Further in situ synchrotron experiments may be carried out to
understand the speciﬁc (de)sodiation mechanisms of presodiated powders compared
to the non-presodiated SnSb. Least but not last, presodiated negative electrode ma-
terials, such as NaSnSb, could be combined to a Na-free positive electrode material,
such as sulphur. NaSnSb could be used as negative electrode for developing high
energy density room temperature sodium-sulphur cells.
Presodiated NaSnSb powder has been demonstrated to be a good candidate for
room temperature sodium batteries for stationary applications. In the developed
setup, the speciﬁc capacity has been enhanced and the ﬁrst cycle irreversible capacity
loss has been successfully reduced when compared to the non-presodiated powder
SnSb. The cycle life of NaSnSb powder has been extended by a modiﬁcation of
the electrode composite and electrolyte formulation. This electrode material can
be combined either with a Na-containing or Na-free positive electrode material,
which provides an additional beneﬁt. Finally, I have proposed a viable strategy to
alleviate the severe volume changes of bulk Sn-Sb-based negative electrode materials
by mechanically presodiating the powders prior to cycling. This approach could be
extended to other negative electrode materials when careful electrode engineering is
included, for instance for Si-based negative electrode materials.
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A.1 Energy storage systems for the electrical grid
Figure A.1 summarises the energy storage systems (in deployment and mature) for
large scale applications and their characteristics.
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Figure A.1: Available megawatt-scale energy storage systems for the grid.8
Appendix B
B.1 Elemental chemical analyses
Synthesised powders were analysed by elemental chemical analyses (ICP-OES and
CGHE techniques) in order to verify the NaxSbySnz nominal compositions and to
identify the content of metallic and non-metallic impurities contained in the powders.
As Sn and Sb form stable phases with Ta,106 a particular attention was made to
search for Ta impurity, originating from the reaction vessel.
The results of the elemental chemical analyses of the synthesised powders (pow-
ders A, Fig. 4.4 (b)) are summarised in Tables B.1 and B.2.
B.1.1 Inductively Coupled Plasma Optical Emission Spec-
troscopy (ICP-OES)
The compositions acquired by ICP-OES are in good agreement with the nominal
compositions, except for the compositions Na10Sb10Sn80 and Na20Sb50Sn30. For the
ﬁrst nominal composition, scattered data, also containing results close to the desired
composition, are obtained, underlining an inhomogeneity in compositions within the
powder. For the later composition, a lack of Sb is observed and the Ta impurity
content is about 3 at%. This is an indication of the formation of a Sb-Ta impurity
phase in agreement with the XRD results (Fig. B.5 (e)).
Most compositions contain around or less than 1 at% of Ta impurity, indicating
the partial reaction of the melt with the Ta reaction vessel. The composition with
the highest Sb content (Na10Sb80Sn10 at%) contains 10 at% of Ta impurity, related to
the formation of Sb2Ta intermetallic indexed in the XRD pattern pictured on Figure
B.5 (a). All other transition metal impurities were found to be in the sensitivity
limit of the instrument.
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Table B.1: Compositions and tantalum impurities of synthesised powders.
ICP-OES
Nominal composition (at%) Composition (at%) Ta impurities (at%)













Na60Sb10Sn30 Na60.93Sb11.48Sn27.49 < 0.01
B.1.2 Carrier Gas Hot Extraction (CGHE)
Hydrogen, oxygen and nitrogen contaminations were determined by the CGHE
method. A selection of the results obtained for six compositions is presented in
Table B.2. A maximum of 2 wt% of the total non-metallic impurities is present in
the synthesised powders. The contents of O, N and H are low, indicating negligible
or no contaminations.
Table B.2: Non-metallic elemental chemical analysis - Selection.
CGHE - Impurities (wt%)
Nominal composition (at%) O N H
Na61.5Sb30.8Sn7.7 0.29 < 0.02 0.04
Na55.6Sb33.3Sn11.1 < 0.25 0.07 0.05
Na33.4Sb33.3Sn33.3 < 0.1 < 0.02 < 0.01
Na80Sb10Sn10 < 0.1 0.03 0.02
Na10Sb10Sn80 < 0.25 0.12 < 0.02
Na20Sb30Sn50 0.3 0.18 0.03
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B.2 Powder X-ray diﬀraction
B.2.1 Fundamental principles of X-ray powder diﬀraction
XRD is a common non-destructive analytical method in material science to investi-
gate the matter. Powder XRD is a technique based on the interaction of the material
of study with electromagnetic waves in the X-ray region of the spectrum. When a
material is irradiated with X-rays, the incident beam interacts with the electrons'
cloud of the atoms of the crystallites, provoking the oscillation of the electrons in
the incoming electric ﬁeld. As a response, they emit coherent electromagnetic waves
interacting with each other. Constructive and destructive interferences will occur
when Bragg's law condition (Eq. B.1) is, respectively, satisﬁed or not.
nλ = 2d sin θ (B.1)
with, n is an integer ; λ is the wavelength of the incident beam ; d is the distance
between successive atomic planes and θ is the angle of incidence of the beam.
Each crystal diﬀracts the beam in a diﬀerent manner, accordingly to the way
atoms stack up. Consequently, it becomes possible to probe the atomic arrangement
of a speciﬁc crystal structure as it has its own signature, or ﬁngerprint, corresponding
to a series of Bragg reﬂections and systematic extinctions. This phenomenon was
described early on by Laue and Bragg in 1912.224 Coupled with a chemical model,
it becomes possible to associate a speciﬁc pattern to a speciﬁc phase.
B.2.2 Instrumentation: stationary diﬀractometers
In stationary diﬀractometers, X-rays are generated in a cathode ray tube by de-
sexcitation of core electrons of a target material. A ﬁlament is heated to produce
electrons. They are then accelerated towards the target by applying a high voltage,
bombarding the target material, typically Cu, Co or Mo. As they hit the target, they
are suddenly decelerated, producing a continuous array of X-rays, referred as the
Bremsstrahlung. When the energy of these electrons are suﬃcient, core electrons
of the inner shell of the metal anode are ejected, leaving a vacancy. An electron
from an upper energy level ﬁlls the gap, emitting an X-ray photon with an en-
ergy corresponding to the diﬀerence of energy levels. The resulting X-ray spectrum
is a superposition of the Bremsstrahlung and the characteristic lines of the target
material. This incident X-ray beam is directed toward the sample to analyse.
In this work, a molybdenum target is used to produce primary X-rays because
the powders, which contain the heavy elements Sb and Sn, absorb the radiations
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Figure B.1: Simulated evolution of the absorption coeﬃcient for the powder
Na33.4Sb33.3Sn33.3 ﬁlled in 0.5 mm diameter capillary in Debye-Scherrer geometry.225
Table B.3: Simulated absorption coeﬃcients for diﬀerent powders Na-Sb-Sn for Cu
and Mo X-ray radiations.
Selected compositions (at%) Sn50Sb50 Na10Sb45Sn45 Na33Sb33Sn33 Na80Sn10Sb10
Computed x-ray absorption (*) µR (Mo) µR (Cu) µR (Mo) µR (Cu) µR (Mo) µR (Cu) µR (Mo) µR (Cu)
Capillary diameter 0.5mm 7.4 61.5 6.7 55.5 5.0 41.5 1.6 13.4
Capillary diameter 0.7mm 10.4 86.2 9.4 77.7 7.0 58.1 2.2 18.7
(*) Argonne National Laboratory X-ray Absorption Computation.
rather strongly. Figure B.1 shows simulated curves of the evolution of the ad-
sorption coeﬃcient with the wavelength for the powder with nominal composition
Na33.4Sb33.3Sn33.3 at% ﬁlled in 0.5 mm capillary in Debye-Scherrer geometry. The
wavelengths of Cu (1.5419 A˚), most used X-ray radiation in laboratories, and Mo
(0.7093 A˚) are reported on the graph. From the simulated curves, this powder ab-
sorbs about 10 times less the X-rays when Mo X-ray source is used compared to the
Cu one. For other compositions, simulated absorption coeﬃcients have also higher
values when Cu X-ray radiation interacts with the powders (Table B.3). Overall, Mo
X-ray source is more suitable for the system Na-Sb-Sn as the absorption coeﬃcient
at this wavelength is still reasonable, so that the detector receives enough intensities
by transmission.
B.2.3 Rietveld method: a short description
The Rietveld method is a structure reﬁnement method. It aims to reﬁne the
crystal structure, i.e. the cell parameters, the atomic positions, their occupancy,
and thermal parameters of a speciﬁc compound. Microstrain and size eﬀects are
also extracted. The method simulates a XRD pattern by minimising the residual
function, derived from the diﬀerence between the observed/experimental and simu-
lated/calculated patterns, through a least squares algorithm. It is not a method to
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determine the structure, due to the need of an initial structure model to start the
reﬁnement. This initial structure model has to be close to the experimental solution
to avoid falling in false minima. The calculated pattern contains the instrument and
sample contributions. The successive reﬁnements are evaluated by a set of Rietveld
discrepancy values, such as goodness-of-ﬁt χ2 and various R-factors, which are dis-
cussed in detail in Toby and coworkers' paper.204 Detailed information about the
Rietveld method or the use of the Fullprof software is found in the reference [226].
B.2.4 XRD patterns' evolution of ball-milled NaSnSb pow-
ders
The precursor powders to synthesise the ball-milled NaSnSb powder (of nominal
composition Na33.4Sb33.3Sn33.3 at%) were crystalline NaSn (powder A, Fig. 4.4 (b))
and commercial Sb powders in the desired proportions. Two powder to balls ratios
of around 0.3 and 0.6 were chosen. The structure changes were followed by XRD
(see section 4.1.2) by taking a sample of the on-going milling process, that was ﬁlled
in 0.5 mm diameter sealed capillaries. The results are reported on Figure B.2. The
time given is the eﬀective milling time.
(a) (b)
Figure B.2: XRD patterns of Na33.4Sb33.3Sn33.3 ball-milled between 1 and 30h eﬀec-
tive ball milling time compared to the pristine. Powder to balls ratio: (a) 0.24, and
(b) 0.6.
Before ball milling, the powder is composed, as expected, of a mixture of well
crystallised NaSn and Sb phases. No impurities are observed on the pattern. After
1h, NaSn decomposes and elemental β(Sn) is observed. After 2h of eﬀective milling
the phase NaSn has almost vanished while Sb and Sn phases are present. After 10h
of eﬀective milling, Sb has disappeared and a new phase has grown, clearly marked
by the reﬂection at around 19°2θ. After 30h of eﬀective ball milling, broad reﬂections
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of the unidentiﬁed phase UNP1 and elemental Sn are observed, indicating nanosized
domains and/or amorphous content. When the powder to ball ratio increases (Fig.
B.2 (b)), the similar reactions are slower to happen.
B.2.5 Modiﬁcation of synthesis parameters to synthesise sin-
gle phase powders
Reﬁned XRD patterns of ternary composition powders
(a) (b)
(c) (d)
Figure B.3: Experimental and calculated XRD patterns (Mo Kα1) of the ternary
phases previously reported in literature and SEM images of the powders: (a), (b)
Na61.5Sb30.8Sn7.7 ; and (c), (d) Na55.6Sb33.3Sn11.1.
The composition NaxSbySnz was varied in order to isolate single phase powders.
The powders were synthesised according to the synthesis route powders A described
on Figure 4.4 (b) with an annealing step of 2h at 700°C. XRD was conducted on
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the synthesised powders for phases' determination as described in section 4.1.2.
The patterns are displayed on Figures B.3, B.4 and B.5 with their associated SEM
photographs picturing the powder's particles. As Sn and Sb form stable phases with
Ta,106 a particular attention was made to search for Ta-based impurity phases in
the XRD patterns.
The powders are polycrystalline and polyphasic. Diﬀerent known phases are
isolated.106 Indexed phases are elemental (β(Sn), Sb), binary (NaSb, NaSn, Na3Sb)
and ternary (Na8Sb4Sn and Na5Sb3Sn). A non-negligible Sb2Ta impurity phase is
also identiﬁed in ternary powders with high Sb content (Fig. B.5), originating from
the reaction of the melt with the Ta reaction vessel. This observation is in good
agreement with the ICP-OES results (Table B.1), revealing a high amount of Ta
impurity within these powders.
The compositions Na61.5Sb30.8Sn7.7 at% and Na55.6Sb33.3Sn11.1 at% correspond
to the only two described ternary phases of the Na-Sb-Sn system.193,194 The XRD
patterns and SEM images of the synthesised powders are shown on Figure B.3. Due
to the chosen synthesis route, the powders are not monophasic, in contrast to the
reports published by Eisenmann et al.,193,194 but rather a mixture of both ternary
phases in various proportions. Na61.5Sb30.8Sn7.7 contains in majority Na8Sb4Sn in
about 76 wt%, with 17 wt% of the other ternary phase Na5Sb3Sn and 7 wt% of
the binary phase Na3Sb. On the contrary, Na55.6Sb33.3Sn11.1 is composed at 92 wt%
of the phase Na5Sb3Sn with only 8 wt% of the phase Na8Sb4Sn. The composition
Na55.6Sb33.3Sn11.1 contains in small proportion a phase which has not been identi-
ﬁed, indicated by the presence of non-assigned reﬂections such at 9.7°2θ and 5.2°2θ.
Elemental chemical analyses show that the Ta, O, N and H impurities are low for
both powders (Fig. B.1 and B.2). The unit cell of both ternary phases is rather big,
about 3000 A˚3 and 2100 A˚3 for Na8Sb4Sn and Na5Sb3Sn, respectively. Big particles
of a few dozen of micrometres with undeﬁned shapes are observed by SEM (Fig.
B.3 (c) and (d)). Agglomerates are observed too and layers structures are revealed
for some bigger particles.
The XRD patterns and SEM images of the ternary compositions with low Sb
content and with high Sb content are shown on Figures B.4 and B.5, respectively.
For most ternary compositions, only partial phase identiﬁcation is possible. The
Rietveld method is therefore not appropriate to obtain a good ﬁt between observed
and calculated patterns (Fig. B.4 and B.5). Sets of reﬂections cannot be indexed
with known phases from the database.106 However, the Rietveld method highlights
the existence of new phases, probably ternary, not yet reported. These phases are





Figure B.4: XRD patterns (λMoKα1) with calculated patterns of ternary composi-
tions of Na-Sb-Sn powders with the SEM images of the powder's particles. (a) (b)
Na60Sb10Sn30, (c) (d) Na30Sb10Sn60 and (e) (f) Na10Sb10Sn80. Vertical lines mark
the Bragg positions of known phases.




Figure B.5: XRD patterns (λMoKα1) with calculated patterns of ternary composi-
tions of Na-Sb-Sn powders with the SEM images of the powder's particles. (a) (b)
Na10Sb80Sn10, (c) (d) Na30Sb60Sn10 and (e) (f) Na20Sb50Sn30. Vertical lines mark
the Bragg positions of known phases.
190 APPENDIX B.
system, or metastable. No Ta phase impurity is identiﬁed on the XRD patterns
of the powders with low Sb content (Fig. B.4). This observation is in agreement
with the elemental chemical analysis (Table B.1), that shows no Ta contamination
from the reaction vessel, except for the ternary composition Na30Sb10Sn60 at%. In
fact, about 2.70 at% of Ta impurity was detected by ICP-OES. The powders with
the compositions Na10Sb80Sn10 and Na30Sb60Sn10 have the same set of non-assigned
reﬂections (Fig. B.5 (a) and (c), respectively). The same unidentiﬁed phase has
been crystallised (UNP2). Due to the diﬀerence of intensities of this UNP2 phase,
UNP2 is found in less proportions in the powder with higher Sb content (Fig. B.5
(a)).
The morphology and the size of the particles of these powders are reported on
the SEM photographs on Figures B.4 and Figure B.5. The powders with high Sn
content (Fig. B.4 (e) and (f)) are globally composed of smaller particles than the
other ternary composition powders A (Fig. 4.16 (b), (d), and B.3 (b), (d), and B.4
(b), and B.5 (b), (d), (e)). SEM images reveal that the particles of these ternary
compositions have also undeﬁned shapes. A layer structure is visible for the powder
containing the highest content of the UNP2 , indicated by an arrow (Fig. B.5 (d)).
With the chosen synthesis route, monophasic powders were not obtained by
varying the ternary composition NaxSbySnz.
By comparison of the diﬀerence plots from the Rietveld reﬁnement (Fig. B.4,
Fig. B.5, Fig. 4.20 (d) and (e) and Fig. 4.26), similar sets of non-indexed reﬂections
are highlighted, suggesting the formation of similar unknown phases in diﬀerent
compositions.
Inﬂuence of annealing time and temperature on NaSnSb XRD patterns
A set of experiments was carried out to observe the inﬂuence of the heat treat-
ment temperature and time on the structure of NaSnSb powder in order to isolate
a monophasic XRD pattern containing UNP1. Figure B.6 shows the patterns ob-
tained when the annealing temperature increases, e.g. no annealing, 300°C, 500°C
and 700°C, and hold at the temperature for 2h before a controlled cooling to room
temperature (1 K/min). The powders were prepared as described in section 4.1.1
by fusion of the pure elements (powders A Fig. 4.4 (b)). A powder not subjected
to further heat treatment is added to the graph, corresponding to the melted ingot
(Fig. 4.4 (b)). Similar patterns, to the reﬁned pattern found on Figure 4.16 (c),
are observed. Polycrystalline and polyphasic powders were synthesised. The pow-
ders contained in majority the already observed unidentiﬁed phase (UNP1) and the
ternary phase Na5Sb3Sn. As the annealing temperature increases, the relative inten-
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sities of each phase increase too. More intense and sharper reﬂections are obtained
at an annealing temperature of 700°C, conﬁrming a higher degree of crystallisation
of the powder. The atomic rearrangement for the nucleation of the phase UNP1 has
a higher kinetic, because UNP1 has already been observed in the melted ingot, i.e.
before any annealing steps. With the heat treatment, the unidentiﬁed phase and
the ternary phase Na5Sb3Sn grow.
Figure B.6: XRD patterns of Na33.4Sb33.3Sn33.3 (powders A, Fig. 4.4 (b)) with
diﬀerent heat treatments temperature for 2h.
(a) (b)
Figure B.7: XRD patterns of Na33.4Sb33.3Sn33.3 (powders A, Fig. 4.4 (b)) with
diﬀerent annealing time 2h and 2 days maintained at (a) 300°C, and (b) 500°C.
NaSnSb was also annealed at 300°C and at 500°C for two diﬀerent annealing
times: 2h and 2 days (Fig. B.7). The obtained XRD patterns are compared to the
one of the melted ingot, not subjected to heat treatment. The patterns are similar
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and intensities comparable. No traces of reaction of the Ta vessel with the elements
are found. Phases formed are the ternary Na5Sb3Sn and the UNP1.
As a conclusion, varying the annealing time and temperature does not lead to the
formation of a monophasic powder. The annealing temperature has more inﬂuence
on the crystallisation of the powder than the chosen annealing time. However, the
annealing time had to be kept as short as possible in order to avoid possible reaction
between the Ta tube and the melt.
Ball-milled NaSnSb: precursors and annealing
Ball-milled samples with nominal composition Na33.4Sb33.3Sn33.3 have been annealed
for 2 days at 300°C and 500°C. The structural changes are reported in Figure 4.26.
The ternary phase Na5Sb3Sn grows at both annealing temperatures while β(Sn) is
still present. The unidentiﬁed phase UNP1 previously highlighted in the melted
compositions Na33.4Sb33.3Sn33.3 and Na20Sb20Sn50 (Fig. B.4) is also distinctively
visible at both temperatures. However, another phase which cannot be matched
with any phase from the database grows at the annealing temperature of 300°C,
reﬂections marked with stars (*). This same phase is furthermore observed when ball
milling the premelted composition Na33.4Sb33.3Sn33.3 (Fig. B.8). A close attention
was paid to search for silicon nitride or silicon traces in the powder as impurities
from the vials. No traces were detected by X-rays nor by ICP-OES.
Figure B.8: XRD patterns of Na33.4Sb33.3Sn33.3, inﬂuence of the precursor for ball
milling on the structure and ball-milled sample annealed further for 2 days at 300°C.
By comparison of the indexed reﬂections in the diﬀerent powders (Fig. B.4 (a)-
(h)), similar sets could be highlighted suggesting the formation of similar unknown
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phases in several compositions. For example, the samples with nominal composition
Na33.4Sb33.3Sn33.3 and Na20Sb30Sn50 show a similar diﬀerent plot. It can be consid-
ered that the same unidentiﬁed phase has been crystallised, UNP1. The increase of
the intensities of the unidentiﬁed phase with increasing tin content suggests that the
composition of the unknown phase is shifted towards the Sn-corner of the ternary
phase diagram. The approach solving the crystal structure of this missing phase is
detailed in the section 4.5.
Na20Sb30Sn50 - air exposure
The powder containing the highest proportion of the unidentiﬁed phase UNP1 was
exposed to air for one week to observe the stability of the structure (Fig. B.9). The
unidentiﬁed phase is still observed while the ternary phase Na5Sb3Sn has degraded
after one week of air exposure. A set of other reﬂections are present, marked with
stars. However, they do not correspond to any reported data of a known phase from
the database. They are expected to be an oxidised phase as this powder reacts with
water.
Figure B.9: XRD patterns of Na20Sb30Sn50 before and after air exposure.
B.2.6 XRD patterns of carbon nanotubes conductive addi-
tive
Powder XRD on CNTs was carried out as described in section 4.1.2 to identify their
XRD signature within the electrode composite XRD patterns. The XRD pattern of
the CNTs used as CA is reported on Figure B.10. A broad reﬂection is observed at
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around 12° 2θ and less intensive broad reﬂection at around 19°2θ, characteristic of
for nanosized ordered carbon materials. After Rietveld reﬁnement, the crystallite
size is found to be about 1 nm.
Figure B.10: XRD pattern (λMoKα1) of carbon nanotubes.
B.3 Sodium electrochemical responses
B.3.1 Calculation of the theoretical capacities of metallic neg-
ative electrode materials in sodium cells
For the calculations of the theoretical capacity values, the richest existing sodium
phases106 from binary phase diagrams were considered: NaGe (369 mAh/gGe),
Na3Sb (660 mAh/gSb), Na15Pb4 (485 mAh/gPb), Na15Sn4 (847 mAh/gSn), NaSi
(954 mAh/gSi), Na2In (467 mAh/gIn) and the 2nd Faraday's law (Eq. B.2):
Qth = NA ⋅ e ⋅ xM ⋅ z × 10003600 (B.2)
where Qth is the theoretical speciﬁc capacity given in [mAh/gAM ], NA is the Avo-
gadro constant equal to 6.022141×1023 mol−1, e is the elementary charge of an elec-
tron equal to 1.6021766×10−19 C [≡ A.s], x is the number of electrons exchanged
per formula unit of the host material,M is the molar mass of the host material ex-
pressed in [g mol−1], and z is the valency number of the transferred ion (i.e. number
of electrons transferred per ion).
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B.3.2 Sodium activity of the additives
CV test is a good technique to reveal the possible electroactivity of a species. A set of
CV experiments were conducted to test the sodium activity of the diﬀerent additives
used in this work, polymeric binders and carbon conductive additive. Additionally,
the stability of the electrolyte in the potential window was checked.
The typical voltammograms of PVDF 1013 binder (Fig. B.11 (a)) and carbon
black CA (Fig. B.11 (b)) are displayed. The dried powder was pressed (2T) onto a
steel grid current collector. The electrodes were cycled in half cell conﬁguration in
250 µl of 1M NaClO4 in PC. CV was carried out at room temperature at a potential
rate of 0.1 mV/s in the potential window 0-3 V vs. Na+/Na.
(a) (b)
Figure B.11: Cyclic voltammograms of: (a) PVDF 1013 polymeric binder, and (b)
carbon black Super P conductive additive. The electrodes are tested against metallic
Na in 250 µl of 1M NaClO4 in PC at room temperature at a potential rate of 0.1
mV/s in the potential window 0-3 V vs. Na+/Na.
Binder's electrochemical response The CV of PVDF binder is shown on Fig-
ure B.11 (a). The electrochemical responses of the other binders used in this work
are similar. In comparison to the potential swap, the recorded current is very small.
No sodium activity of the binders is therefore observed in accordance to literature
results.200
Carbon black electrochemical response Figure B.11 (b) represents the activ-
ity of CB CA. A large reduction peak is observed at the ﬁrst scan at around 0.4
V, resulting from the SEI formation. Close to 0 V, a small reduction peak is asso-
ciated to the small absorption of Na onto the CB particles. An oxidation peak is
observed for all cycles at around 0.2 V, assigned to the reversible desabsoption of
Na+ ions. However, the current intensity is low, indicating a low sodium activity of
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CB with Na.200 Consequently, in this work, the contribution of CB to the capacity
is considered as negligible.
B.3.3 Conductive additive choice for presodiated NaSnSb pow-
der
Several CNTs have been tested, including a commercial multiwalls CNTs (MWC-
NTs NC7000TM , Nanocyl), commercial nanoﬁbers (Electrovac, NF) and graphene
oxide. The results of ball-milled NaSnSb composite electrodes containing various
CA (AM:PVDF:CA in weight ratio 8:1:1), together with an electrode without CA
(AM:PVDF in weight ratio 9:1) are presented in Figure B.12.
The cycling properties of cells cycled at a rate of 30 mA/gNaSnSb between 0.02
V and 1.2 V are reported on the Figure B.12 (a). No capacity is observed for the
electrode only composed of AM and binder, proving that the intrinsic electronic
conductivity of the AM is insuﬃcient to achieve cycling. The need of a conductive
additive is therefore required. With CB, the most widely employed carbon additive
because of its low price and satisfactory conductivity, the electrodes exhibit a high
capacity of 630 mAh/g in the 1st cycle with a low CE of 50 %. The capacity fades
rapidly up to the 2nd cycle so that the capacity retention is only 5 % after the 10th
cycle. On the contrary, with single-walls/double-walls carbon nanotubes (SW/DW
CNTs), the electrodes show an initial capacity of 545 mAh/g with a higher CE of 67
%, which quickly improves after a few cycles. Afterwards, the electrodes maintain a
stable capacity of 360 mAh/g over ten cycles, corresponding to a capacity retention
to the initial capacity of 68 %. These results obtained with the PVDF binder
composite are similar to those obtained with the PAN binder reported in Figure
4.29. Diﬀerent morphologies of CNTs such as multiwalls CNTs prepared without
and with a high temperature treatment were also tested as CA, respectively labelled
CNTs MW NoHT and CNTs MW. Those latter show comparative results as with
SW/DW CNTs. Electrodes prepared with commercial CNTs demonstrate a higher
discharge capacity but a lower CE.
The charge/discharge proﬁles of the 1st, 2nd and 5th cycle are plotted in Figure
B.12 (b). The plateaus for the two ﬁrst charge/discharge cycles of the electrodes
containing CNTs are well deﬁned compared to the ones with CB. Extra reaction
states are accessed with the use of CNTs. As observed on the potential proﬁle
curves, more deﬁned plateaus are observed for the electrodes with CNTs at the ﬁrst
sodiation which gives the possibility to have a more marked reaction step at around
0.2 V at the desodiation. The capacity drop is related to the loss in conductivity
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of the discharge plateau region at around 0.3 V. The disappearing of the plateau
voltage at 0.3 V correlated with the capacity drop was also noticed with the selection
of the binder additives (see Binders' selection section 4.3.3). Thus, if no plateau is
observed, the associated reaction does not take place any longer and Na cannot be
inserted in the AM, resulting in capacity fade.
(a) (b)
Figure B.12: Electrochemical characterisation of ball-milled Na33.4Sn33.3Sb33.3 com-
posite electrodes containing 10 wt.% PVDF and 10 wt.% of various conductive
additives (CA). (a) Cycling performances of composite electrodes with carbon black
(CB), commercial nanoﬁbres from Electrovac, carbon nanotubes single walls/double
walls (CNTs SW/DW), commercialised multiwalls carbon nanotubes (MWCNTs
NC7000TM , Nanocyl), multiwalls carbon nanotubes without heat treatment (CNTs
MWnoHT), multiwalls carbon nanotubes with heat treatment (CNTs MW), multi-
walls carbon nanotubes with acetate treatment (CNTs MWAc) and graphene oxide
; and (b) selected voltage proﬁles. Cells cycled at room temperature in 1M NaClO4
in PC at a current density of 30 mA/gNaSnSb in the potential window 0.021.2 V vs.
Na+/Na.
Others groups150,179 have reported that the use of carbon ﬁbres is an eﬀective
CA for their active materials. On the contrary, the electrochemical performances of
NaSnSb are not improved with the use of carbon ﬁbres. The results are even worth
than those obtained with CB. The better performances recorded by others using the
carbon ﬁbres is probably a combination of using the 2D binder CMC and a slurry
preparation which better disperses the carbon ﬁbres among the AM particles. The
CMC maintains a good cohesion between the AM particles and the CA, to maintain
the electronic conductivity and the integrity of the electrode is upon cycling. Using
graphen oxide as CA worthens also the cyclability of NaSnSb with a speciﬁc capacity
falling below 100 mAh/g already at the second cycle.
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B.3.4 Sodium electroactivity of CNTs
The sodium activity of CNTs was tested in a half cell conﬁguration. CNTs were
pressed (2T) onto a steel current collector and tested against metallic Na in 250
µl of 1 M NaClO4 in PC. GCPL experiments were carried out at a current rate of
30 mA/gCNTs between 0.02-1.2 V vs Na+/Na. The results are displayed on Figure
B.13.
(a) (b)
Figure B.13: (a) Cyclability, and (b) Voltage proﬁles of CNTs SW/DW in the
potential window 0.02-1.2 V vs. Na+/Na.
A huge irreversible capacity is noticeable. About only 2 % of the initial capacity
is extracted at the ﬁrst desodiation. The reversible capacity of 40 mAh/g is stable
over 30 cycles with a minimum consecutive capacity loss upon cycling (Fig. B.13
(a)). From the potential proﬁles, an extended plateau at 0.8 V is only visible at the
ﬁrst sodiation and corresponds to the formation of the SEI due to the decomposi-
tion of the electrolyte. The CNTs oﬀer a large surface area, consequently, a large
amount of electrolyte decomposes to form the SEI layer. No plateaus are observed
at subsequent (de)sodiations, rather a constant slope which indicates that the Na+
ions are only plated at the surface and do not intercalate.
B.4 In situ synchrotron X-ray diﬀraction
B.4.1 Principle of operation
When charged particles moving at a relativistic velocity are accelerated, they radiate.
These radiations are known as synchrotron radiations (SR). They are electromag-
netic waves covering the short wavelength region of the electromagnetic spectrum
from infrared to hard X-ray regions. Cosmic sources emit naturally SR when high
B.4. IN SITU SYNCHROTRON X-RAY DIFFRACTION 199
energy electrons, for example, move in circular motion around magnetic ﬁeld lines.
SR are also generated artiﬁcially in particle accelerators to be used as radiation
sources for condensed matter research. In various applications from surface science
to protein crystal structures, With the help of a monochromator, the user chooses
the working wavelength according to the size of the object of study.
Storage rings are one of the common accelerators where SR are generated and
used as light source to explore the matter. Electrons or positrons are produced
and accelerated up to MeV in a LINAC (linear accelerator) and are injected into a
booster ring. They are further accelerated to an energy in the range of GeV before
their transfer into the storage ring. The electrons have at this point a speed close to
the speed of light. In the storage ring, the electrons are forced to follow the circular
path created by the magnetic ﬁeld of bending magnets. Part of their energy is lost at
each turn, emitting SR, which are further used for probing the matter in beamlines
(Fig. B.14).
Figure B.14: Synchrotron radiation facility. Schematic top view.227
With the development of new generations of synchrotron radiation sources, the
quality of the beam has been greatly improved. This fact gives the possibility of
collecting more accurate and precise data on the sample of study.
B.4.2 PETRA III line P02.1, DESY, Hamburg, Germany
Synchrotron XRD data were collected at the PETRA III line P02.1 (DESY, Ham-
burg) in Germany. PETRA was commissioned in 1978 for particle physics exper-
iments, 31 years later started its operation as light source. PETRA III is one of
the most brilliant storage-ring-based X-ray radiation sources worldwide. The ring
is 2304 m long. 14 beamlines and 30 experimental stations are available in the
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300 m experimental hall characterised by a nearly vibration-free experimental en-
vironment. It oﬀers a variety of research opportunities in molecular biology (ex:
spatial structure of proteins), material science (ex: crystal structure resolution of
new alloys), to cite only few.228
B.4.3 Reﬁne synchrotron diﬀraction patterns
Figure B.15 displays the reﬁned synchrotron diﬀraction patterns I and VII (Fig.
4.38 (c)) corresponding to the desodiations of the NaSnSb composite electrode.
(a) (b)
Figure B.15: Reﬁned synchrotron diﬀraction patterns of NaSnSb electrode material
after: (a) ﬁrst desodiation, and (b) second desodiation. Respectivelly labelled I and
VII on Fig. 4.38 (c).
The synchrotron diﬀraction pattern at the ﬁrst desodiation (Fig. B.15 (a)) is
explained by a structural model containing SbSn as the main phase, some amount
of tetragonal (β)Sn, Cu (used as a current collector) and small amount of metal-
lic sodium (used as a counter electrode). The reﬂections belonging to the SbSn
intermetallic lets conclude the presence of SbSn as a crystalline phase with big-
ger particles, and in form of bad-crystalline particles with much smaller particle
size, originating from the ball-milling synthesis with similar cell parameters, being
a = b = 4.3238(7) A˚ and c = 5.3372(13) A˚.
Upon sodiation, the reﬂections of SbSn disappear in accordance to the ex situ
diﬀraction experiments (see section 4.4). After desodiation to 1.5 V vs. Na+/Na
of the electrode material, the reﬂections belonging to the SbSn intermetallic are
observed again. However, only one SbSn phase is observed with lattice parameters
slightly diﬀerent from the initial one (Fig. B.15 (b)). The cell parameters are found
to be: a = b = 4.348(2) A˚ and c = 5.289(3) A˚.
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Figure B.16: Calculated binary phase diagrams: (a) Na-Sb,176 (b) Na-Sn,176 and (c)
Sn-Sb.229
Binary phase diagrams of the system Na-Sb-Sn, i.e. Na-Sb, Na-Sn and Sn-
Sb, contain intermetallic phases. Investigations of these diagrams have been both
theoretical and experimental. The extended literature can be found in the recently
published paper of Dreval et al.176 Figure B.16 reproduces the latest binary phase
diagram assessments.176 For a critical reading of these binary phase diagram results,
refer to the above mentioned publication.
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The Na-Sb system
The binary phase diagram of the Na-Sb system176 is shown on Figure B.16 (a).
The stable crystalline phases are the terminal solid solutions β(Na), α(Sb) and the
intermetallics Na3Sb and NaSb. In solid state, the solubility of Na into the Sb matrix
and the solubility of Sb into the Na matrix are negligible. For the Na3Sb compound,
a homogeneity range at 1073 K and 24.5-25.2 at% Sb. The system was revised by
Dreval et al., who used DFT calculations in the optimisation procedure.176
The Na-Sn system
Dreval et al. reassessed the binary phase diagram,176 including the latest experimen-
tal data. The revised Na-Sn phase diagram176 is presented on Figure 4.11 (b). Beside
the terminal solid solutions β(Na) and β(Sn), many thermodynamically stable in-
termetallics exist in the system. Controversial discussions about the composition of
certain intermetallics took place in an earlier time.176 According to the latest crystal-
lographic data, the intermetallics forming in the system at room temperature are:
Na15Sn4, Na3Sn, Na9Sn4, β(NaSn), the recently found Na7Sn12, NaSn2, Na5Sn13,
NaSn4, NaSn5. Two intermetallics are present at higher temperature, Na4Sn3 and
α(NaSn). No homogeneity range is reported for any of the intermetallic compounds.
The Sn-Sb system
The terminal solid solutions α(Sb) and β(Sn) and the two intermetallic compounds
SbSn and Sb2Sn3 describe the binary phase diagram229 of the system Sn-Sb shown
on Figure B.16 (c). The maximum solubility of antimony in β(Sn) matrix and tin
in α(Sb) matrix are 10 at% Sb and 12.6 at% Sn, respectively.176 The homogene-
ity range of SbSn 57 at% Sn at 515 K.176 Sb2Sn3 is reported as a line compound
in a narrow range of temperatures.176 The Sn-rich part of the diagram is still un-
der discussion.229 The experimental information on the compound Sb2Sn3 is rather
scarce. In fact, a strong similarity exists between the crystal structures of Sb2Sn3
and SbSn intermetallics. The reﬂections from the X-ray analysis of SbSn and Sb2Sn3
are almost indistinguishable at temperatures above 473 K.229 Moreover, both com-
pounds are diﬃcult to be diﬀerentiated metallographically.229 Several groups have
thermodynamically assessed the system Sb-Sn.176
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Table B.4: List of the reported phases for the Na-Sb-Sn system.176






















B.5.2 The ternary Na-Sn-Sb system
The ternary phase diagram of the system Na-Sb-Sn was, up to now, not yet inves-
tigated. Beside the terminal solid solutions β(Na), α(Sb) and β(Sn) and the binary
phases described in section B.5.1, only two ternary intermetallics are reported in
literature, Na5Sb3Sn and Na8Sb4Sn.193,194 No homogeneity ranges are reported for
these ternary phases. Table B.4 summarises all the phases reported so far in litera-
ture. No other experimental data on the phase equilibria are available in literature,
to the best of my knowledge. The thermodynamic properties of the phases of the
Na-Sb-Sn system have not been investigated. The experimental information on the
phase relations in the system is limited to my work reported in this manuscript in
section 4.5. A deeper understanding of the phases equilibria at various temperatures
could be beneﬁcial to understand the electrochemical reaction of SnSb electrodes in
a Na cell.
The ﬁrst assessment of the complexity of this ternary phase diagram is repre-
sented on Figure B.17 in collaboration with Dr. Liya Dreval.176 CALPHAD method
and DFT calculations176 were applied for the analysis of the experimental results
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obtained in chapter 4. Due to the slow cooling of the samples, the data on the
phase assemblages extracted from XRD patterns of the powders A (Fig. 4.4 (b))
can only be compared to the isothermal section calculated at 298 K. For detail on
the computational procedure to obtain the ternary phase diagram of the system,
refer to the paper published by Dreval and coworkers.176
Figure B.17: The calculated isothermal section of the Na-Sb-Sn system at room
temperature. The results of calculations are shown with lines, experimental values
from ICP-OES with symbols.
Table B.5: Experimental phases found in XRD patterns compared with the calcu-
lated Na-Sn-Sb phase diagram.
Compositions (mol fraction) Phases observed/expected
ICP-OES [Nominal at%] XRD patterns CALPHAD method
Na0.624Sb0.301Sn0.073 [61-31-8] Na8Sb4Sn+Na5Sb3Sn+Na3Sb Na8Sb4Sn+Na3Sb
Na0.555Sb0.327Sn0.112 [56-33-11] Na5Sb3Sn+Na8Sb4Sn Na5Sb3Sn+Na8Sb4Sn
Na0.368Sb0.338Sn0.294 [33-33-33] Na5Sb3Sn+UNP1 Na5Sb3Sn+β(Sn)+SbSn
Na0.796Sb0.104Sn0.100 [80-10-10] Na3Sb+Na15Sn4+β(Na) Na3Sb+Na15Sn4+β(Na)
Na0.772Sb0.726Sn0.082 [10-80-10] Sb+Sb2Ta+UNP3 α(Sb)+SbSn+Na5Sb3Sn
Na0.181Sb0.140Sn0.678 [10-10-80] Na5Sb3Sn+Na8Sb4Sn+β(Sn) β(Sn)+SbSn+Na5Sb3Sn
Na0.309Sb0.584Sn0.098 [30-60-10] NaSb+Sb+Sb2Ta+UNP3 α(Sb)+SbSn+Na5Sb3Sn
Na0.256Sb0.083Sn0.635 [30-10-60] β(Sn)+Na3Sb+? Na8Sb4Sn+β(Sn)+NaSn5
Na0.162Sb0.345Sn0.467 [20-50-30] Sb2Ta+Na5Sb3Sn+UNP1 Na5Sb3Sn+β(Sn)+SbSn
Na0.209Sb0.305Sn0.475 [20-30-50] Na5Sb3Sn+β(Sn)+UNP1 Na5Sb3Sn+β(Sn)+SbSn
Na0.609Sb0.115Sn0.275 [60-10-30] Na3Sb+NaSn+? β(NaSn)+Na3Sb+Na7Sn12/Na9Sn4
NaxSbySnz[50-25-25] Na8Sb4Sn+β(Sn)+? Na8Sb4Sn+β(Sn)+NaSn5
NaxSbySnz [40-30-30] Na5Sb3Sn+β(Sn)+UNP2+UNP1 Na5Sb3Sn+β(Sn)+SbSn
NaxSbySnz [10-45-45] SbSn+Sb2Ta+UNP3 Na5Sb3Sn+SbSn
Figure B.17 presents the resulting isothermal section of the Na-Sn-Sb ternary
system, calculated from the known phases (Table B.4).176 The experimental values
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stated in this manuscript are reported on the ternary phase diagram with symbols.
According to the CALPHADmethod, the powder with composition Na0.796Sb0.104Sn0.100
falls down into the three-phase region Na3Sb + Na15Sn4 + β(Na). This is in good
agreement with the XRD pattern (Fig. 4.20 (e)). The sample Na0.555Sb0.327Sn0.112
is situated directly in the two-phase region Na5Sb3Sn + Na8Sb4Sn, also observed
on the corresponding XRD pattern (Fig. B.3 (c)). Another two-phase region sample,
Na0.624Sb0.301Sn0.073, corresponds to the calculated two-phase region Na8Sb4Sn+Na3Sb.
It is highly possible that the composition range, where the ternary phases Na5Sb3Sn
and Na8Sb4Sn coexist, can be extended due to the non-equilibrium solidiﬁcation.
The powder with the composition Na0.181Sb0.140Sn0.678 falls into the calculated three-
phases region β(Sn) + SbSn + Na5Sb3Sn. However, the reﬂections relative to the
phase SbSn were not observed in the XRD pattern (Fig. B.4 (e)) but rather an-
other phase had formed, the ternary Na8Sb4Sn. The three-phase region containing
Na5Sb3Sn + Na8Sb4Sn + β(Sn) is relatively near the sample, so it could be that
this sample is slightly shifted to the other calculated three-phases region due to
sample inhomogeneity as highlighted by the ICP-OES results (see B.1). The ﬁt of
the calculation to the experimental results is satisfactory for all the samples, for
which the phases have been identiﬁed ﬁrmly from the XRD results. Most powders
with a ternary composition synthesised for this work, show sets of reﬂections which
cannot be assigned to any reported phases in the ICSD database,106 reﬂecting the
existence of new ternary phases. The diﬀerence plots extracted from the Rietveld
analysis, that highlights these unknown phases, are compared in Figure B.18.
Figure B.18: Diﬀerence plots extracted from the Rietveld analysis highlighting un-
known phases in the Na-Sn-Sb ternary system.
According to the CALPHADmethod, the samples with compositions Na20Sb30Sn50,
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Na33.4Sb33.3Sn33.3, Na20Sb50Sn30 and Na40Sb30Sn30 share the same three-phases do-
main Na5Sb3Sn + β(Sn) + SbSn (Fig. B.17). While the phases Na5Sb3Sn and β(Sn)
are both observed in the XRD patterns, there is no traces of the formation of the
SnSb phase in the powder but rather the set of reﬂections corresponding to the un-
known structure UNP1. Due to possible overlapping of reﬂections, it is in fact very
complex to assign a set of reﬂections to a speciﬁc unknown phase. However, some
trends are observed such as the crystallisation of a same phase in various powders.
At least three distinct new phases are identiﬁed:●UNP1 presents in powders with nominal composition Na20Sb30Sn50, Na33.4Sb33.3Sn33.3,
Na20Sb50Sn30 and Na40Sb30Sn30 with the highest proportion of UNP1 in Na20Sb30Sn50,● UNP2 presents in Na40Sb30Sn30, and● UNP3 in Na30Sb60Sn10, Na10Sb80Sn10 and Na10Sb45Sn45 with highest propor-
tion of UNP3 in Na30Sb60Sn10.
B.6 Summary of the powders tested as active ma-
terial in Na cells
Table B.6 summarises the powders synthesised and undergoing treatments and the
ones which were selected for further tests as negative electrode materials in a room
temperature sodium cell.
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Table B.6: Powders synthesised for this work: presence of a unknown phase /
electrochemically tested.
Nominal composition Synthesis route Unknown Electrochemically
(at%) (Fig. 4.4 (b)) phase observed tested
Sn50Sb50 A-2h-700°C X
Na10Sb45Sn45 A-2h-700°C X (UNP3) X
Na33.4Sb33.3Sn33.3 A-2h-700°C X (UNP1) X
Na40Sb30Sn30 A-2h-700°C X (UNP2+UNP1) X







Na30Sb60Sn10 A-2h-700°C X (UNP3)
Na20Sb50Sn30 A-2h-700°C X (UNP1)
Na20Sb30Sn50 A-2h-700°C X (UNP1)
Na30Sb10Sn60 A-2h-700°C X
Na10Sb10Sn80 A-2h-700°C
Na10Sb80Sn10 A-2h-700°C X (UNP3)
Na33.4Sb33.3Sn33.3 Melted ingot X (UNP1)
Na20Sb30Sn50 A-2h-700°C + L X (UNP1)
Na33.4Sb33.3Sn33.3 A-2h-300°C X (UNP1)
Na33.4Sb33.3Sn33.3 A-2h-500°C X (UNP1)
Na33.4Sb33.3Sn33.3 A-2days-300°C X (UNP1)
Na33.4Sb33.3Sn33.3 A-2days-500°C X (UNP1)
Sn50Sb50 B -450rpm X
Na33.4Sb33.3Sn33.3 B -30h-(NaSn+Sb)
Powder/Balls ∼ 0.3 X (UNP1) X
Na33.4Sb33.3Sn33.3 B -30h-(NaSn+Sb) X (UNP1) X
Powder/Balls = 0.6
Na33.4Sb33.3Sn33.3 B -(NaSbSn) X (UNP1+UNP4)
Na33.4Sb33.3Sn33.3 B -(NaSbSn) X (UNP1+UNP4)
+ wet ball milling with toluene
Na33.4Sb33.3Sn33.3 C -2days-300°C X (UNP1+UNP4)
Na33.4Sb33.3Sn33.3 C -2days-500°C X (UNP1) X
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Table C.1: List of Acronyms.
AHI aqueous hybrid ion battery
AM active material
CA conductive additive
CAES compressed air energy storage
CB carbon black
CE Coulombic eﬃciency




DFT density functional theory
DMC dimethyl carbonate
EC ehtylene carbonate
ESS energy storage systems
FEC ﬂuoroethylene carbonate
FES ﬂywheel energy storage
GCPL galvanostatic cycling with potential limitation
HC hard carbon
ICP-OES inductively coupled plasma optical emission spectroscopy
LiB lithium-ion battery













SEI solid electrolyte interface
SEM scanning electron microscopy
SG smart grid
SMES superconducting magnetic energy storage
SNG synthetic natural gas storage
SR synchrotron radiation
TEM transmission electron microscope
UNP unknown phase
VC vinylene carbonate
VCGF vapour carbon ground ﬁbre
XRD X-ray diﬀraction
